


ABOUT THE COVER:
Top left: At this year’s Desert Research and Technology Studies (Desert RATS) field outing in Meteor Crater, Arizona, 
Glenn researchers provided integrated communications and data systems for two space-suited subjects as well as 
interaction with NASA Johnson Space Center’s Science Crew Operations and Utility Testbed (SCOUT) rover (p. 27).

Top right: This 4- by 6-m offset-parabolic inflatable membrane reflector developed by Glenn and SRS Technologies 
produced a gain of about 48 dB at 8.4 GHz at Glenn’s near-field antenna range. This corresponds to about 
51 percent efficiency when compared with an ideal antenna, and 67 percent efficiency when the effect of the feed 
horn is considered. The goal is to develop large antennas for deep-space (Moon and Mars) applications that have 
very low mass, lower cost, and improved deployment reliability while maintaining very accurate surface tolerances 
during long missions (p. 16).

Center left: Closeup of a state-of-the-art active clearance control test rig showing internal components. The new rig, 
which was fabricated and installed at Glenn, employs a fast-acting mechanical actuation system designed to improve 
on existing clearance-control methods in the high-pressure turbine section of a modern jet engine (p. 108).

Bottom left: Researchers preparing to conduct an impact test on a space shuttle external tank panel in Glenn’s 
Ballistic Impact Laboratory. As a result of Glenn’s testing, the design of the space shuttle orbiter windows was 
changed, the external tank was cleared as safe to fly, and a previously unavailable physics-based impact analysis 
capability was established for the space shuttle program (p. 93).

Bottom right: A Glenn researcher examines a reaction control system thruster for cracking in the relief radius. Because 
hot combustion gases might leak through such cracks and damage the space shuttle orbiter, in-depth analyses and 
mechanical tests were conducted to determine the cause of the cracking. Results supported the conclusion that 
hydrogen embrittlement, not stress corrosion or hot-salt cracking, was the likely cause (p. 102).
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Introduction
At the NASA Glenn Research Center, in partnership with U.S. industry, uni-
versities, and other Government institutions, we develop critical systems 
technologies and capabilities that address national priorities. Our world-
class research, technology, and capability development efforts are keys to 
advancing space exploration of our solar system and beyond while main-
taining global leadership in aeronautics. Our work is focused on technolog-
ical advancements in space flight systems development, aeropropulsion, 
space propulsion, power systems, nuclear systems, communications, and 
human-related systems.

Glenn’s main campus is situated on 350 acres adjacent to the Cleveland 
Hopkins International Airport. It has more than 140 buildings that include 
24 major facilities and over 500 specialized research and test facilities. In 
addition, Plum Brook Station, located 50 miles west of Cleveland, offers four 
large, world-class facilities for space technology and capability development on 
a 6400-acre installation. All Center capabilities are available for Government 
and industry programs through Interagency or Space Act Agreements.

The Glenn team consists of over 3100 civil service employees and support service contractor personnel. Scien-
tists and engineers comprise more than half of our workforce, while technical specialists, skilled workers, and an 
administrative staff support them. We aggressively strive for technical excellence through continuing education, 
increased diversity in our workforce, and continuous improvement in our management and business practices so 
that we can expand the boundaries of space and aeronautics technology.

The Center’s activities support all NASA missions and the major programs of our Agency. We contribute to eco-
nomic growth and national security by developing technology for safe, superior, and environmentally compatible 
U.S. aircraft propulsion systems. Glenn leads NASA’s research in the fields of fluids, combustion, and reacting 
flow systems, including gravity variation. Glenn also leads in the testing and evaluation of materials and structures 
for atmospheric and space environments by utilizing our first-rate facilities and world-class researchers. Almost 
every space shuttle science mission has had an experiment managed by Glenn, and we have conducted a wide 
array of experiments on the International Space Station.

Knowledge generation and management are among our most important activities. Our annual Research & 
Technology report helps make this knowledge available to potential users in the technical community. This 
report is organized such that a broad cross section of people can readily use it. Each article begins with a short 
introductory paragraph and continues with a summary of the progress made during the year in various scientific 
and technical areas.

I hope that this information is useful to you. If additional information is desired, you are encouraged to contact the 
researchers identified at the end of each article and to visit Glenn’s Web site at www.grc.nasa.gov.

Woodrow Whitlow, Jr., Ph.D.
Director
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Dramatic reductions in civilian aircraft noise have been achieved since the 
introduction of the turbojet and low-bypass turbofan commercial engines in 
the late 1950s. A major contributing factor to this decline in noise has been 
major NASA-sponsored noise-reduction research programs. Over the past 
two decades, cooperative NASA/industry technology programs—such as the 
Advanced Subsonic Technology Program, the High-Speed Research Program, 
and the Vehicle Systems Program—have supported engine noise-reduction 
research. Recently, a robust, generalized method for predicting aircraft engine 
core noise was developed and coded into NASA’s computer programs used 
for aircraft noise prediction.

Primary emphasis has historically been directed to the principal turbofan engine 
noise sources: the jet and the fan. With NASA’s 20-year goal to develop tech-
nologies for reducing aircraft noise by 20 EPNdB (effective perceived noise in 
decibels) relative to the 1997 state of the art, this focus has been appropriate. 
However, as fan and jet noise are reduced, other engine noise sources, albeit 
lesser, are “uncovered” and become important.

The noise of the engine “core,” classified principally as noise emanating from 
the unsteady heat release of the combustion process, is perhaps the most 
important of these other propulsion-related sources. Now that many fan and 
jet noise-reduction technologies have been successful, core noise needs to 
be addressed in order to meet the Agency’s aggressive noise-reduction goal, 
especially with the advent of modern, high-pressure and high-temperature 
cores. It is, therefore, important that core noise be better understood and 
more accurately predicted. 

Therefore, NASA sponsored GE Aircraft Engines to conduct acoustic engine 
measurements and subsequent analytical core noise modeling under a 
Revolutionary Aerospace Engine Research task order (ref. 1). In this task, 
which was awarded and monitored by the NASA Glenn Research Center, 
GE collected static acoustic data from four turbofan engines—the CF34, the 
CFM56, the CF6, and the GE90—representing an extremely wide span of 
thrust classes (see the photograph). Modern Technologies Corporation was 
subcontracted to develop semiempirical core-noise relationships for each of 
the engine classes.

Analytical Core Noise Model Improved for Modern Turbofan Engines

Outdoor engine acoustic ground testing conducted at GE Aircraft Engine’s 
Peebles Test Facility.

SYSTEMS ANALYSIS

The results from the preliminary core-
noise models were encouraging, but 
since correlating core noise is quite 
complex, there was a need for fur-
ther improvement. For example, the 
calibration coefficients and the spectral 
character of the initial model changed 
from engine to engine, resulting in a 
noise-prediction method that was valid 
only for the individual engine type, rather 
than a general method for engines of all 
types and thrust classes. Modern Tech-
nologies was subsequently contracted 
to perform a follow-on task funded by 
NASA’s Quiet Aircraft Technology proj- 
ect (ref. 2). In this effort, Modern Technol- 
ogies discerned the internal geometric 
combustor design factors and ther-
modynamic parameters that influence 
the core’s spectral content and lev-
els. This resulted in a robust, gen-
eralized, and more physics-based  
core-noise-prediction method, which 
was subsequently coded into NASA’s 
computer programs used for aircraft 
noise prediction.
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A novel, low-noise, short-takeoff-and-landing vehicle concept with a distributed 
propulsion system is being investigated to meet the growing future aviation 
market. For this concept, the blended-wing body configuration was selected 
for its cruise-efficient airframe with sufficient wing volume available for an 
embedded-wing, distributed propulsion system.

The saturation of airports and the impact to the surrounding airspace and 
terrestrial communities are rapidly increasing limits to world aviation travel. 
Breakthrough concepts that enable increased air traffic and performance 
and decreased noise are required for growing future aviation markets. Sub-
sonic commercial concepts appearing on the 25-year horizon must facilitate 
an increase in air traffic more than 4 times greater than current levels, while 
complying with more stringent respect for the surrounding communities across 
the expanding world market. Attacking these issues holistically is the concept 
of a short-takeoff-and-landing high-speed subsonic transport, which enables 
24-hr expanded use of the untapped regional airspace. The concept is a high-
lift-capable airframe, which employs embedded-wing, spanwise-distributed 
propulsion to meet rigorously defined airport operation requirements while 
maintaining efficient cruise capability. 

The initial concept was conceived by NASA Glenn Research Center’s Aero-
propulsion System Analysis Office, and a proposal was submitted to NASA 
Headquarters’ Revolutionary System Concepts for Aeronautics project. The 
proposal was competed among NASA’s aeronautics centers and selected 
for funding. For the vehicle configuration, Boeing’s Phantom Works Division 
(Huntington Beach, CA) was selected to develop a conceptual aircraft. The 
current vehicle concept has a 40,000-lb payload capability with a 3000-nautical 
mile range at a cruise mach number of 0.8. Because of its short-takeoff-and-
landing characteristics, the vehicle will be able to take off and land within a 
5000-ft field length, which captures 84 percent of all U.S. regional airports. 
For the noise study of distributed propulsion concepts and the new vehicle 
configuration, Diversitech, Inc. (Cincinnati, OH), is investigating the benefits 

Cruise-Efficient, Low-Noise, Short-Takeoff-and-Landing Vehicle Studied 
for the Revolutionary System Concepts for Aeronautics Project

Cruise-efficient, low-noise, short-takeoff-and-landing vehicle concept.

of distributed propulsion systems and 
the effect of the vehicle on the airport 
community. To reduce the aircraft noise 
well below the current requirements, 
designers have employed noise shield-
ing using the large blended-wing body 
upper surface, acoustic treatment of 
inlets and nozzles, and distribution of 
the thrust streams next to each other to 
attenuate noise propagation. 

At the end of this conceptual study, a 
final report will be written and presented 
at NASA Headquarters. The report will 
include a technology assessment to 
determine technology gaps and to iden-
tify relevant technology challenges and 
investments for future research.
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Water Injection in Commercial Aircraft Investigated for Increasing 
Engine Life and Reducing Costs and Emissions

Water-injection technology has historically been used in aviation to increase 
jet engine thrust and is presently used for ground power applications 
to increase gas turbine power and life, and to reduce the emissions of 
oxides of nitrogen (NOx). Analytical systems studies were performed at the 

NASA Glenn Research Center to estimate 
the effects of water injection on a commer- 
cial turbofan engine to reduce specific 
fuel consumption (SFC), NOx emissions, 
and engine hot-section temperatures 
while maintaining constant thrust. The 
subsequent reduction in hot-section 
temperatures could increase engine life 
and reduce maintenance costs. In-house 
efforts included engine cycle modeling 
and mission analysis. Contracted efforts 
repeated and verified the in-house results. 
The researchers also developed pre-
liminary schematics with the hardware 
required to implement this technology and 
estimated the changes to engine life and 
maintenance cost. 

The baseline vehicle was a 300- 
passenger aircraft using two high- 
bypass turbofan engines. Water injection 
before the low-pressure compressor 
(LPC) yielded greater reductions in maxi-
mum temperature and fuel consumption 
than combustor water injection, but it 
required almost twice as much water 
during the takeoff cycle. Water could be 
used through top-of-climb for continued 
reduction of the maximum cycle tempera-
ture and emissions, but this would require 
large amounts of water. 

Estimates of hot-section life improve-
ment from the lower temperatures with 
water injection would vary depending on 
engine type (for engines that experience 
higher removal or maintenance rates 
because of turbine blade temperature 
distress, water injection would be of more 
value). However, a breakdown of water- 
injection costs with average estimated 
engine maintenance savings suggests 
that savings could well offset the added 
costs of water injection.

Even though water injection is quite suc-
cessful in reducing NOx emissions during 
takeoff, low-emission combustors are still 
needed for the cruise and climb portions of 
the flight. Although the NOx emission rate 
is high during takeoff and initial climbout, 
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The LPC water-misting system achieved lower SFC rates, NOx emissions, and 
turbine rotor inlet temperatures (T41) for 59 °F standard-day conditions.

Maintenance savings offset water-injection costs.



PROGRAMS AND PROJECTSPROGRAMS AND PROJECTS

NASA GLENN RESEARCH CENTER          5                                              2005 RESEARCH AND TECHNOLOGY

most NOX is generated during the long cruise and climb periods where water 
injection is impractical because of the large quantity of water that would be 
required. Other considerations are potentially reduced smoke emissions but 
potentially increased hydrocarbon and carbon monoxide emissions, depend-
ing on the engine cycle. This will require further investigation if water injection 
is to be incorporated in new or existing engines. 
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XLerator, a command-line program integration add-in for Microsoft Excel 
(Microsoft Corporation, Redmond, WA), was made available for download on 
NASA Glenn Research Center’s software repository in 2005. Many scientists 
and engineers find themselves working with legacy software tools, with more 
current tools that have unintuitive text file interfaces, or with a feature set that 
does not completely fill their needs. XLerator allows command-line programs 
to be used as simple functions from within a spreadsheet environment that is 
familiar to a large number of people in scientific and engineering fields. 

With XLerator, Excel’s optimization and targeting capabilities can be wrapped 
around existing tools, spreadsheet-based graphical interfaces can be created, 

XLerator Software Released

and tools can be integrated into Excel-
based collaborative engineering environ-
ments such as Glenn’s Global Integrated 
Design Environment (GLIDE) and the Jet 
Propulsion Laboratory’s Team-X. Multiple 
command-line tools can be integrated to 
generate a system model. For instance, 
the results of a propulsion analysis tool 
can be fed into a trajectory optimization 
tool, and the results can be fed back into 
the propulsion tool automatically until 
sizing or performance criteria converge. 
The time and cost required to create an 
Excel-based version of an existing soft-
ware routine can be avoided, and in cases 
where a mathematically intensive algo-
rithm results in slow performance within 
Excel/Visual Basic, faster languages such 
as C or Fortran can be utilized, thereby 
reducing run time. The figure shows an 
example of the XLerator interface and 
how it is used to incorporate command-
line programs into the Microsoft Excel 
environment.

XLerator, which was developed by 
Glenn’s Space Propulsion and Mission 
Analysis Office during the past 2 years, 
has been used for a wide range of XLerator Setup form. 
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Global Integrated Design Environment (GLIDE) v.1.1 Software Released

analyses. Initially developed as a proof-of-concept for applying Excel’s opti-
mization and goal-seeking capabilities to the SNAP trajectory propagation 
program, XLerator has since evolved into a utility capable of integrating almost 
any program that uses plain text files for input and output into a spreadsheet 
environment. For example, it was used in the Jupiter Icy Moons Orbiter pro-
gram to integrate low-thrust trajectory optimization tools and Fortran database 
interpolators into the mission design portion of the Jupiter Icy Moons Orbiter 
systems model. In addition, XLerator was used in conjunction with the SNAP 
trajectory propagation tool and Excel’s solver utility to optimize trajectories, 
providing an entirely new level of functionality.

XLerator is written in a combination of the Microsoft Visual Basic and Python 
(Python Software Foundation, Ipswich, MA) languages. Installation packages 
for Microsoft Windows 2000 or XP (Microsoft Office 2000 or later) and Macin-
tosh OS X (Apple, Cupertino, CA; Microsoft Office X or later) are available. 
Support may be provided on a limited basis as time permits.

Find out more about the research of 
Glenn’s Space Propulsion and Mission 
Analysis Office: 
http://trajectory.grc.nasa.gov

Glenn contacts: 
Robert D. Falck, 216–433–2295, 
Robert.D.Falck@nasa.gov; and 
Leon P. Gefert, 216–977–7117, 
Leon.P.Gefert@nasa.gov 

Authors:
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One aspect of collaborative engineering is facilitated through the use of 
parameter-exchange software. Collaborative design efforts usually require 
the definition of a set of shared parameters that summarize the current state 
of design or that affect the overall design of the system. The Global Inte-
grated Design Environment (GLIDE) facilitates easy passing and sharing of 
parameters between engineers from remote locations. GLIDE uses a common 
Web-based MySQL server (MySQL AB, Uppsala, Sweden) that is accessed 
using PHP scripts (the PHP Group). GLIDE’s Web-served database allows 
secure and controlled access to design data by using firewall-friendly secure- 
sockets-layer- (SSL-) based user authentication. Data can be queried and 
published to the GLIDE database via a Microsoft Excel (Microsoft Corporation, 
Redmond, WA) interface. The training of engineers on GLIDE goes quickly 
because most users are familiar with Excel. Another benefit of using Excel as 
an interface is that optimization and other legacy tool integration developments 
like XLerator (ref. 1) can be used. The following diagram shows the data flow 
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and interfaces that enable parameter 
exchange within GLIDE. 

GLIDE was originally developed for 
the In-Space Propulsion program to 
support multicenter studies for the pri-
oritization of technology-development 
funds. Recently, GLIDE was used by 
the NASA Engineering Design Team 
(NEDT), a 2005 Intramural Call for 
Proposals (ICP)-awarded project. The 
team was composed of many NASA 
centers—including the Ames Research 
Center, Glenn Research Center, God-
dard Space Flight Center, Jet Propulsion 

GLIDE interfaces and data flow.
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Laboratory, Johnson Space Center, and Langley Research Center—and the 
Aerospace Corporation, an industry partner. The NEDT examined possible 
designs for a 2022 Mars sample return mission. The mission design used 
several different parameter-exchange solutions, including GLIDE, as well as 
other collaborative technologies such as Jabber-based text messaging (Jab-
ber, Inc., Denver, CO), encrypted video conferencing, Asterisk-based multi-
channel voice conferencing, and WebEx screen-sharing software (WebEX 
Communications, Inc., Santa Clara, CA). 

GLIDE was selected and used as the preferred parameter-exchange solu-
tion by Ames, Glenn, Goddard, and Johnson. Langley also demonstrated 
parameter exchange using GLIDE, but Langley’s role within the Mars sample 
return study did not require parameter exchange. The final diagram shows 
the infrastructure data flow and protocol used by the NEDT. 

GLIDE is written in a compilation of several programming languages, includ-
ing REALbasic (REAL Software, Inc., Austin, TX), PHP, and Microsoft Visual 
Basic. GLIDE client installers are available to download for both Microsoft 
Windows and Macintosh systems (Apple, Cupertino, CA). The GLIDE client 
software is compatible with Microsoft Excel 2000 or later on Windows systems 
and with Microsoft Excel X or later on Macintosh systems.

Reference
1. Falck, Robert D.; and Burke, Laura M.: XLerator Software Released. Research  
 & Technology 2005, NASA/TM—2006-214016, 2006, pp. 5–6. 
 http://www.grc.nasa.gov/WWW/RT/RT2005/PB/PBM-falck.html
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NEDT data flow and interfaces. IceMaker (California Institute of Technology, Pasadena, CA), PARSEC (NASA 
Marshall Space Flight Center, AL), and IDEA (Aerospace Corporation, Segundo, CA) are other collaboration envi-
ronments. VPN, virtual private networks; PDC–NT1, server at the Jet Propulsion Laboratory used to run Icemaker.
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Long-term goals of the leak sensor proj-
ect at Glenn include miniaturizing the unit 
while minimizing power consumption to 
extend its battery life. Miniaturization 
involves reducing the size of the entire 
leak sensor system (three sensors, sig-
nal conditioning, power, and telemetry) 
to fit onto the surface area of a postage 
stamp. Such a complete system would 
function as a “lick and stick” device, 
which could be transferred as easily as 
a postage stamp to any surface on the 
space vehicle or other leak-sensitive 
equipment.

Find out more about this research: 

Chemical species gas sensors:
http://www.grc.nasa.gov/WWW/ 
chemsensors/ 

Glenn contact:
Dr. Gary W. Hunter, 216–433–6459, 
Gary.W.Hunter@nasa.gov

Author:
Emily R. Groh

Headquarters program office:
Exploration Systems 

Programs/Projects:
Constellation Systems 
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R&D 100 Award (1995), NASA’s Turning 
Goals into Reality Award (2003)

Leak Sensor Project Achieved a Major Milestone—a Miniaturized Leak Sensor 
System With an Integrated Wireless Antenna

EXPLORATION SYSTEMS

An entire launch may be aborted if there is a possibility of oxygen or fuel leaks 
of any size on a spacecraft’s surface because such leaks pose a high risk for 
an explosion. At the very least, discovered leaks result in schedule delays and 
timing issues for those supporting the launch. In support of NASA’s ongoing 
efforts to promote safety throughout the Agency, the NASA Glenn Research 
Center has been developing leak sensors to detect potential fuel and oxygen 
leaks and help make the launch process go more smoothly. In spring 2005, 
the project achieved a major accomplishment by successfully integrating the 
wireless antenna into the postage-stamp-sized board unit as well as further 
decreasing the size and power consumption of the system.

Glenn’s leak sensor technology manager, Dr. Gary Hunter, worked with Case 
Western Reserve University on the invention and fabrication of the leak sensor. 
Makel Engineering, Inc., was involved in the integration and demonstration 
of the hardware, and product testing was conducted at the NASA Kennedy 
Space Center.

The leak sensor unit is composed of three different sensors: hydrogen, oxy-
gen, and hydrocarbon. The recently integrated antenna, which used to be 
an attached component, enables wireless telemetry. This feature allows the 
unit to transmit leak rate data wirelessly to the remote central processing unit 
controlled by the user.

NASA leak sensor technology has been recognized with an R&D 100 Award, 
with NASA’s Turning Goals into Reality Award, and, most importantly, with 
an increasing acceptance in multiple applications. In addition to preventing 
explosions, leak sensor technology can be used for safer, more efficient fuel 
management and chemical processing in space. 

On Earth, leak sensors have been used to automatically check valves and 
fittings on automotive assembly lines and to improve the safety of hydrogen-
powered vehicles. Other potential ground applications include fuel cells, hydro-
gen storage tanks, emission sensors, and advanced fire detection.

“Lick and stick” leak-detection system.

Closeup view of the leak sensor board, 
including the hydrogen, oxygen, and 
hydrocarbon sensors.
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12-kW Proton-Exchange-Membrane Fuel Tested at Glenn

In summer 2005, a significant milestone in technology development for space 
exploration was achieved with the start of testing of a proton-exchange-
membrane fuel cell (PEMFC) engineering model (EM) powerplant in the new 
state-of-the-art fuel cell test facility at the NASA Glenn Research Center. The 
PEMFC powerplant (see the following photograph) is the first high-fidelity 
12-kW PEMFC hardware to be evaluated in a simulated launch environment 
for space applications. The facility, capable of testing various fuel cell types 
with power levels from 1 to 125 kW, brings new and unique capabilities to 
NASA for the evaluation of fuel cells and regenerative fuel cells for future 
missions. 

The PEMFC is an electrochemical power-generation device that converts 
hydrogen and oxygen reactants into electrical power, heat, and water. 
Because the hydrogen and oxygen can be shared with propulsion systems 
and the water can be shared with crew life-support systems, fuel cells are 
an attractive primary power source for human space missions. When fuel 
cells are coupled with an electrolyzer to form a regenerative fuel cell system, 
the technology becomes an attractive energy storage alternative to battery 
systems, especially for lunar missions where the day-night cycles are much 
longer than those in low Earth orbit. 

12-kW PEMFC engineering model.

The PEMFC EM successfully completed 
performance testing in three orthogonal 
orientations (see the final photograph). 
Following the completion of testing at 
Glenn, including mission profile simula-
tion testing, the EM will undergo vibration 
and thermal vacuum testing at the NASA 
Johnson Space Center. At the conclusion 
of the test program, NASA will have dem-
onstrated in a simulated space environ-
ment that the technology is ready to be 
considered for future missions. 

PEMFC EM development and testing is 
being performed in support of Constel-
lation Advanced Development Projects. 
Glenn is part of a team of NASA centers 
(Johnson Space Center, Kennedy Space 
Center, and Marshall Space Flight Center) 
that has been developing PEM fuel cell 
powerplant technology for future space 
missions. The PEMFC EM was designed 
and built under contract by Teledyne 
Energy Systems, Inc.

Find out more about this research: 
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http://www.grc.nasa.gov/WWW/ 
Electrochemistry/

Exploration Systems at Glenn:
http://exploration.grc.nasa.gov/
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Mark.A.Hoberecht@nasa.gov; and 
Scott R. Graham, 216–977–7123, 
Scott.R.Graham@nasa.gov
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PEMFC engineering model performance testing in three different orientations.
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Nontoxic Turbine Power Unit Demonstrated Successfully

The first 100-kW-class pulse-controlled, nontoxic turbine power unit (TPU) 
has been built and demonstrated for space transportation flight control sys-
tem applications. In space transportation vehicles, auxiliary power is used to 
provide short-duration high power for applications such as thrust vectoring, 
aerodynamic controls, brakes, and engine throttling. The space shuttle orbiter 
auxiliary power is provided by hydrazine-fueled auxiliary power units. Unlike 
the shuttle auxiliary power unit that uses toxic propellants to drive a hydraulic 
pump, this TPU (see the photograph to the right) uses nontoxic reactants to 
drive a generator to produce 270-Vdc electrical power. Applications of the 
TPU include power for high-horsepower, all-electric actuation systems and for 
electric-pump-powered hydraulic systems for launch vehicle flight controls. 

The prototype nontoxic TPU includes a shaft-speed turboalternator, gas-cooled 
foil bearings, a high-reactance permanent magnet generator, and hydrogen 
and oxygen propellants with catalytic reaction that are pulsed on-off for speed 
control. A flight unit version is envisioned to be self-cooled using regenerative 
cooling with prognostic health monitoring and integrated power-processing 
modules wrapped around the TPU housing. The potential advantages of the 
new TPU concept include the elimination of toxic propellants, reduced ground 
processing, improved reliability, and reduced critical failure modes. 

The prototype, also known as the brassboard TPU, has been successfully 
demonstrated with both cold and hot gases (see the following photograph). 
Cold gases include nitrogen and helium. A laboratory gas generator was 
used to generate the hot gas by the catalytic reaction of gaseous hydrogen 
and oxygen. The brassboard TPU has demonstrated 135-kW output with a 
designed electrical power output of 142 kW. TPU components such as seals 
and foil bearings have been demonstrated separately in simulated launch 
environments with no observable wear. 

Brassboard turbine power unit.

The TPU effort is led by the NASA 
Glenn Research Center with a Lockheed 
Martin Corporation prime contract and 
a subcontract with Honeywell for hard-
ware development and testing. The last 
phase of this task, which is currently 
underway, is to develop and test a new 
design brassboard hydrogen/oxygen gas 
generator with the goal of increased life 
and performance. The new gas genera-
tor will be integrated with the brassboard 
TPU and tested.

Find out more about exploration 
systems research at Glenn:
http://exploration.grc.nasa.gov

Glenn contacts: 
Nang T. Pham, 216–433–6165, 
Nang.T.Pham@nasa.gov; 
Clint B. Ensworth, 216–433–6297, 
Clinton.B.Ensworth@nasa.gov; and 
Scott R. Graham, 216–977–7123, 
Scott.R.Graham@nasa.gov

Authors:
Nang T. Pham, Clinton B. Ensworth, 
Scott R. Graham, and Emily R. Groh

Headquarters program office:
Exploration Systems 

Programs/Projects:
Constellation Systems

Brassboard turbine power unit, power control and conditioning unit, and laboratory 
gas generator configured in a test cell for hot gas testing.
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Brassboard turbine power unit.

During the past year, much of NASA’s research efforts have been focused on 
the promotion of astronaut health and safety. The NASA Glenn Research Center 
manages several projects involved in developing countermeasures to reduce 
health problems caused by prolonged exposure to microgravity. Under con-
tract with Glenn, Physical Sciences Inc. is working on the low-power, confocal 
imaging of protein localization in living cells to better understand osteoporosis 
in astronauts. Currently in Phase II, the project utilizes a compact laser and 
fluorescence microscopy to study the activity of bone cells. 

The project was initiated 2 years ago when Glenn identified the need for better 
tools to facilitate biological research experiments using the Light Microscopy 
Module (LMM) on the International Space Station. The LMM is a computer-
ized microscope that is part of the Fluids Integrated Rack (FIR) and was 
developed to study fluid physics in microgravity. Through a Small Business 
Innovation Research (SBIR) solicitation, Physical Sciences Inc. was selected 
to perform the work. 

The basic requirements for the new LMM tools were a compact laser (with a 
wavelength of approximately 600 nm) and fluorescent agents. The laser had 
to be reliable, yet small enough to meet the strict weight, power, and size 
requirements for space station flight hardware. Fluorescent agents, along with 
a line of bone cells with clearly visible markers, are necessary for fluorescence 
microscopy. This technique monitors cellular activity and protein interaction 
by sending out a colored beam of light to the bone cells, which return the light 
in a different color.

Confocal imaging technology will improve scientists’ understanding of the 
effects of osteoporosis as it occurs in astronauts at accelerated rates. In the 
absence of gravity, osteoblasts do not readily rebuild bone cells. According 
to the project’s contracting officer, Dr. DeVon Griffin, astronauts typically 
lose about 1 to 2 percent of their bone mass each month in the weight- 
bearing areas of their bodies. If this bone loss were to occur throughout a 

New Tools Developed for Bioscience Experiments 
on the International Space Station

long-duration spaceflight to Mars, the 
astronauts would likely land on Mars or 
return to Earth with a severely damaged 
skeletal system.

Phase II of the imaging project began in 
January 2005. So far, Physical Sciences 
Inc. has procured the compact laser and 
successfully established a stable cell 
line using DNA from protein fusion. After 
manipulating the genetic structures of the 
cells, the company has been photograph-
ing and analyzing images of cell activity. 
Physical Sciences Inc. also is integrating 
and testing a second laser to be added 
to the imaging system. As this research 
continues, increased knowledge of bone 
cell activity will result in more efficient 
countermeasures to protect astronaut 
health and may even help medical 
researchers prevent osteoporosis in 
people living on Earth.

Find out more about exploration 
systems and human system research 
and technology development 
at Glenn:
http://exploration.grc.nasa.gov/hsrt/

Glenn contacts:
Dr. DeVon W. Griffin, 216–433–8109, 
Devon.W.Griffin@nasa.gov; and 
Marsha M. Nall, 216–433–5374, 
Marsha.M.Nall@nasa.gov

Author:
Emily R. Groh

Headquarters program office:
Exploration Systems

Programs/Projects:
Human Health and Performance

Fluorescent images of the two types of cells being studied. Left: HEK 293, human kidney 
transfected with the HcRed-β-actin fusion protein construct. Right: UMR106-01, rat 
osteosarcoma cells transfected with the HcRed-β-actin fusion protein construct. The 
method for fusing the fluorophore to the cells was developed under this SBIR award.
These images are shown in color in the online version of this article (http://www.grc. 
nasa.gov/WWW/RT/2005/PT/PTH-griffin.html).
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The NASA Glenn Research Center, the Jet Propulsion Laboratory, and L–3 
Communications Electron Technologies are pushing the limits on efficiently 
transmitting more data to the ground for NASA’s space exploration missions. 
Earlier in 2005, L–3 Communications successfully completed performance 
testing of a high-power, high-efficiency Ka-band space traveling-wave tube 
(TWT) at 250 W through a 3-year project within Glenn’s Exploration Systems 
Division. The completion of this milestone marks the highest power Ka-band 
space TWT ever manufactured and tested. 

TWTs are attractive for deep-space applications because their construction 
is radiation tolerant and their power and efficiency levels are significantly 
higher than those of solid-state amplifiers. Although this new high-power 
TWT weighs only 1.5 kg, it is 7 times more powerful than the previous highest 
power Ka-band space TWT. Also, it is over 20 times more powerful than the 
Cassini TWT, which has been orbiting Saturn since July 2004. This increase 
in power capability directly translates into higher data transmission rates from 
greater distances, more flexibility, and more channels available for space 
communications. 

High-Power Space Traveling-Wave Tube Demonstrated Record Power Levels

Packaged high-power, high-efficiency Ka-band TWT; L–3 Communications Electron 
Technologies, Inc., Model 999HA. (Photograph courtesy of L–3 Communications 
Electron Technologies, Inc.; used with permission.)

This advance in TWT technology will 
improve the speed and efficiency of data 
communications, enabling real-time, 
high-resolution video transmission from 
space. High-power TWTs align with the 
President’s vision for space exploration 
by increasing the science data rate-of-
return for exploration missions by a factor 
of 7, enabling deeper, more sophisticated 
exploration of the solar system. This work 
will result in a flight-qualified model that 
can be used to design spacecraft for 
future deep-space missions. The TWT 
team also is developing and testing tech-
nology that combines two or more TWT 
devices to obtain even higher power.

Find out more about exploration 
systems research at Glenn:
http://exploration.grc.nasa.gov

Glenn contacts:
Dr. Jeffrey D. Wilson, 216–433–3513, 
Jeffrey.D.Wilson@nasa.gov; and 
Dr. Rainee N. Simons, 216–433–3462, 
Rainee.N.Simons@nasa.gov

L–3 Communications Electron 
Technologies, Inc., contact:
Neal R. Robbins, 310–517–7548, 
Neal.Robbins@L-3com.com

Author:
Dr. Jeffrey D. Wilson

Headquarters program office: 
Exploration Systems 

Programs/Projects:
Nuclear Technology and Demonstration 
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NASA’s astronauts must engage in years of rigorous training prior to becom-
ing crew members of an actual space flight. Aside from being equipped for 
the physical demands of space travel, they must be equipped to handle the 
complex equipment and experiments designed for use while in orbit. Crews 
preparing for future missions on the International Space Station are no excep-
tion. Astronauts bound for the space station will soon receive state-of-the-art 
training on NASA Glenn Research Center’s new Fluids and Combustion Facil-
ity (FCF) crew training units (CTUs). In spring 2005, the racks were delivered 
to the NASA Johnson Space Center and were added to the space station 
Mockup Training Facility’s Destiny science module. The racks are designed 
to simulate the actual FCF equipment so crew members will be able to suc-
cessfully operate the flight hardware to study fluid physics and combustion 
science in microgravity while onboard the space station.

High-Fidelity International Space Station Flight Training Hardware Shipped to 
the NASA Johnson Space Center

FCF CTUs deployed at Johnson. Right: Combustion Integrated Rack. 
Left: Fluids Integrated Rack.

Glenn’s Mission Operation and Integra-
tion Projects Office has been manag-
ing the development of the CTUs for 
1 1/2 years. Hernandez Engineering Inc. 
designed and built the training racks. 
Glenn was responsible for the hard-
ware requirements, the training rack 
integration, and the crew training. The 
NASA Marshall Space Flight Center 
was responsible for verifying training 
hardware readiness and procedure 
verification, and Johnson handled the 
training facility setup, trainer integra-
tion, and operation of the space station 
Mockup Training Facility.

The CTUs are detailed, high-fidelity, 
yet lightweight, versions of the two-rack 
FCF flight hardware, which is composed 
of the Fluids Integration Rack and the 
Combustion Integration Rack. They are 
made from a variety of materials including 
aluminum, steel, composite, and plastic. 
Each component has been tested for 
safety, maintainability, and structural 
integrity to ensure that they will last for 
up to 15 years.

The CTU design team’s work was espe-
cially important because it provided a 
means to validate the flight hardware 
design and to verify operational proce-
dures early in the development process, 
which resulted in cost and schedule 
savings for the entire FCF program. 
Beginning in spring 2006, two crews 
per year will be trained on the CTUs 
in preparation for flights on the space 
station. Members of the FCF training 
team at Glenn will work with the astro-
nauts at Johnson prior to launch.
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FCF CTU development team. Seated left to right: Dave Lamar, FCF 
training manager; Tony Johnson, FCF CTU project manager; and Jim 
Imburgia, FCF CTU technician. Standing left to right: Warren Holt, 
FCF CTU technician, and Tracy Neff, FCF CTU lead engineer. 

Fluids Integration Rack CTU being transported to the Payload Devel-
opment Laboratory II at Johnson. 

Both training units are shown installed side-by-side in 
Payload Development Laboratory II. The rack doors open 
to display the Combustion Integrated Rack CTU interior.
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with Johns Hopkins University (Laurel, 
MD) and ILC Dover (Frederica, DE) on 
the latter. The goal is to develop large 
gossamer antennas for deep-space, 
Moon, and Mars applications that have 
very low mass, lower cost, and improved 
deployment reliability while maintaining 
very accurate surface tolerances over 
long deployed durations.

COMMUNICATIONS

Communications requirements derived from 
the human and robotic exploration vision 
dictate a sophisticated, layered architecture 
that is dramatically different than what was 
required for the low-rate, point-to-point com-
munications of the Apollo era. Emerging, 
but relatively near-term, exploration initiative 
needs include teleoperation and autonomous 
robotic missions, lunar reconnaissance and 
orbiting relay satellites, cooperative spacecraft, 
lunar surface wireless local area networks, 
extremely wide bandwidth links to support 
hyperspectral imaging, synthetic aperture 
radar, and other novel applications, such as 
high-definition television and telemedicine. For 
example, data rates on the order of 1 gigabit 
per second may be required from Mars areo-
stationary relay satellites. Such enormous 
data rates and extreme link distances will 
require 10-meter-class microwave anten-
nas, likely operating at Ka-band frequencies. 
The NASA Glenn Research Center has been 
involved in several efforts to meet these 
requirements. This year, Glenn and SRS 
Technologies developed a 4- by 6-m offset-
parabolic inflatable membrane reflector. Glenn, 
SRS, and the Georgia Institute of Technology 
developed test apparatus and software to dem-
onstrate that a novel ground station composed 
of an array of relatively small apertures can 
economically replace a single, expensive track-
ing ground station. In addition, Johns Hopkins 
University delivered a prototype 2-m version of 
an antenna based on a novel shape-memory 
composite structure.

Critical performance specifications for the very large antennas needed 
include low aerial density (~1 kg/m2), high packaging efficiency (i.e., a ratio 
of deployed-to-stowed volume greater than 10:1), accurate surface geometry 
to ensure high reflector efficiency (root mean square surface errors of less 
than 1/20th of the operating wavelength), and of course reliable deployment. 
The NASA Glenn Research Center is developing two parallel approaches: 
inflatable membranes with a rigidized torus and a hybrid shape-memory 
composite approach that incorporates a fixed central reflector that serves as 
a backup antenna in case of deployment problems with the main aperture. 
Glenn is partnering with SRS Technologies (Huntsville, AL) on the former and 

Inflatable Membrane Reflector and Shape-Memory Polymer Antenna 
Developed for Space and Ground Communications Applications

SRS 4- by 6-m inflatable reflector in Glenn’s near-field antenna range.
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The 4- by 6-m offset-parabolic inflatable membrane reflector developed by Glenn 
and SRS Technologies (see the photograph on the previous page) produced 
a gain of about 48 dB at 8.4 GHz at Glenn’s near-field range. This corresponds 
to about 67-percent efficiency when compared with an ideal antenna using 
the same feed. Phase plots of the aperture more or less agree with the meas- 
ured 3.5-mm average accuracy of the surface shape. The extreme antenna 
edges show some significant phase changes that are implicit with an inflatable 
lenticular geometry (i.e., flattened edges). Surface-shape accuracy can be 
improved through inflation pressure adjustment and/or perimeter attachment 
(catenary) tension adjustment.

During the late summer of 2005, Glenn, SRS, and the Georgia Institute of 
Technology developed a test apparatus and software to validate an adaptive 
beam-forming algorithm that synthesizes correlated aperture channels into 
a single signal. The goal is to demonstrate that an array of relatively small 
apertures can economically replace a single, expensive tracking ground 
station. The experiment involved an array of four inflatable 1-m-diameter 
membrane reflectors mounted onto a very low cost tracking pedestal (see the 
final photograph). The novel ground station successfully collected data from 
the SAC–C low-Earth-orbiting satellite. Data analysis is underway.

The shape-memory antenna system combines a fixed parabolic dish with an 
inflatable reflector annulus. This antenna, based on a novel shape-memory 
composite structure, provides a scaleable high-gain antenna architecture and 
is competitive with mesh and membrane reflectors in terms of cost, aerial 
density, and packing volume. The prototype 2-m antenna was delivered by 
Johns Hopkins University to Glenn in April 2005. The dish surface profile 

Four-element inflatable membrane reflector array on a tracking pedestal at 
Georgia Tech as it prepares to track the SAC–C low-Earth-orbiting satellite.

was validated with a coherent laser radar 
capable of mapping the surface shape 
to 25-μm accuracy. This proved to be 
a low-cost and highly accurate method 
to quickly validate the reflector and tune 
the perimeter attachments (catenaries) 
before proceeding with other tests. Ini-
tially, some wrinkling was observed near 
the inner ring and rim, but most wrinkles 
were eliminated upon retensioning and 
inflating the reflector to a pressure of 
about 5 in. of water. Testing indicated 
a root mean square surface error of 
0.106 in. Removing problem areas near 
the outer rim resulted in a root mean 
square error of about 0.035 in. 
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The NASA Glenn Research Center, along with General Dynamics Decision 
Systems, has defined an open-architecture framework for space-based 
software-defined radios. Software-defined radio is a collection of hardware 
and software technologies that enable reconfigurable system architectures for 
wireless networks and user terminals. Software-defined radio enables multi- 
band, multifunctional wireless devices that can be dynamically enhanced by 
software upgrades. They include technologies that are applicable across a wide 
range of wireless use. Software-enabled devices and equipment can be dynami-
cally programmed to reconfigure the characteristics of radio equipment. 

The framework developed by Glenn and General Dynamics consists of an 
architecture structure, the associated waveform parameters, and interface 
descriptions. Elements of software-defined radios are divided into different lay-
ers representing the hardware and software portions of the radio system. Open 
architectures allow technology insertion at certain layers without affecting other 
layers as technology changes and improves. Layering promotes and enables 
multiple vendor solutions and interoperability between independent hardware 
and software technologies. 

This new architecture allows for flexibility and change and promotes the sharing 
and integration of software from a variety of sources. Software portability and 
design reuse play significant roles in containing the cost of software-defined radio 
developments. An open-architecture software design enables the separation of 
software from hardware, enabling the software to be ported to future platforms. 
The ability to reuse components is accomplished by defining various hardware 
and software interfaces and by defining the layers of the architecture framework to 
abstract the software from the hardware. By consistently specifying these interfaces 
and publishing them as part of the architecture, various hardware and software 
modules can be replaced and updated with a minimum amount of changes, since 
the interface is specified and rules are provided for each component. 

A radio runs applications referred to as “waveforms” that include all the functions 
necessary to transmit information from one radio to another. The figure illustrates 
an example of the software abstraction definition between the waveform applica-
tion and the radio operating environment. The application programming interface 
layer just below the waveform includes both a uniquely defined set of interfaces 
and an Institute of Electrical and Electronics Engineers, Inc. (IEEE), standard sub-
set of the Portable Operating System Interface (POSIX) between the waveform 
applications and the radio’s operating environment. The hardware abstraction layer 
and the associated lower-level software elements abstract the hardware from the 
operating system and software infrastructure. The architecture framework requires 
that vendors publish a hardware interface definition to provide a physical definition 
of the hardware interfaces for subsequent module integration.

The architecture development at Glenn is part of a larger NASA effort to develop 
a common radio architecture. Beginning with the baseline architecture, future 
work will evolve the architecture as it is applied to specific mission cases and 
will continue to leverage the Joint Tactical Radio System’s Software Communi-
cations Architecture, a Department of Defense software radio architecture that 
was analyzed during this architecture development effort. The new architecture is 
intended to enable greater interoperability, to reduce cost through software reuse, 

Layered elements of an open architecture 
for software-defined radio.

Software-Defined Radio Architecture Framework 
Developed for Space-Based Radios

and to minimize spacecraft resources 
(e.g., by combining radio functions to 
reduce radio count) as the architecture 
provides enhanced operations. 
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Software-defined radio technology will benefit missions (1) that are expected 
to have a long operational life where enhancements and communication with 
assets not defined at launch are possible, (2) that communicate with different 
assets during different stages of operation, and (3) that will require enhanced 
capabilities such as autonomous operation and integrated navigation. The 
Space Telecommunications Radio System (STRS) project at the NASA Glenn 
Research Center analyzed the Crew Return Vehicle mission scenario, which 
exhibits many of these criteria. The Crew Return Vehicle was intended to func-
tion as a “lifeboat” for the International Space Station, providing an emergency, 
highly automated, escape mechanism. The Crew Return Vehicle scenario 
includes communications with many assets during its mission including the 
International Space Station, Tracking and Data Relay Satellite (TDRS), the 
Global Positioning System (GPS), and possibly the space shuttles for space 
operation and air traffic control for landing. Although the Crew Return Vehicle 
mission is no longer being considered, its communication architecture is simi-
lar to that of the planned Crew Exploration Vehicle mission, and the analysis 
and conclusions apply to the Crew Exploration Vehicle mission. 

Two major tradeoffs were analyzed for this scenario: (1) the impact of allo-
cating the transceiver functions in space-reconfigurable devices and (2) the 
estimated spacecraft resources needed to implement an open architecture. 
The potential of software-defined radio to reduce the number of radios and 
increase capability was also evaluated.

Waveform implementation in processor software is limited by the ability of 
general-purpose processors and shared-bus architectures to provide signifi-
cant throughput for high-rate needs. High-speed signal processing can be 
implemented in field-programmable gate arrays (FPGAs) or in application-
specific integrated circuits (ASICs). Reconfigurable FPGAs are extremely 
flexible but are less power efficient than ASICs or nonreconfigurable FPGAs. 
The analysis targeted FPGA implementations that would reduce power con-
sumption. An analysis tool developed by the program was used to evaluate 
the communications requirements by waveform components and mission 
phase, and a vendor-provided tool was used to estimate power dissipation 
for the expected clock rates of the design.

The analysis compared the cost of implementing the scenario with three different 
software radio architectures: the Department of Defense’s Software Commu-
nication Architecture (SCA), an optimized version of the SCA, and a proposed 
STRS architecture. Each was compared with an optimal nonreconfigurable 
radio solution. The modeling analysis showed that the software-defined radio 
architectures increased power from 10 to 40 percent and increased mass 
from approximately 10 to 30 percent, with the STRS architecture having the 
least impact and full SCA consuming the most resources. Reconfigurable 
technology allows a number of waveforms to operate at different times over 
different mission phases using the same hardware (a likely scenario for Crew 
Exploration Vehicle operation); thus, radio reduction is possible. Reducing 
the number of radios reduces mass and power resources, helping to offset 
the increased resources needed to adhere to a common open architecture, 
such as STRS or SCA. Further work will continue to quantify the benefit of 
radio reductions, operational improvements, and other considerations of using 
software radio technology for space exploration.

Software-Defined Radio Technology Analyzed for Space Exploration Scenario
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A waveform compliant with the Software Communications Architecture (SCA) 
has been developed at the NASA Glenn Research Center. This develop-
ment is part of the larger Space Telecommunications Radio System proj-
ect currently underway to define a communications system architecture for 
future space-based reconfigurable transceivers and software-defined radios. 
Software-defined radios are becoming more common because of the capa-
bilities of reconfigurable digital signal-processing technologies, such as 
field-programmable gate arrays (FPGA) and digital processors, placing radio 
functions in firmware and software that were traditionally performed with 
analog hardware components. The entire set of these radio functions running 
in software comprise the waveform, which is run as a software application by 
the radio processing elements. 

The waveform was developed using the SCA framework of rules and require-
ments that the Department of Defense uses as the standard for the Joint Tactical 
Radio System. The Department of Defense envisions that their future radios 
will be SCA compliant. Although the use of the current SCA as a reference 
has increased our understanding of the architecture, the approach may be 
impractical for today’s space applications because of its high consumption of 
processing resources. However, by developing an SCA-compliant waveform, 
one has direct insight into the resources required to support the reconfigurabil-
ity offered by this architecture approach. The evolution of NASA’s architecture 
will continue to identify areas where the SCA should be adapted, with the goal 
of converging to a common architecture. This will leverage the Department 
of Defense’s significant investment in software-defined radio technology and 
software communications architectures.

Reconfigurable, Software-Defined Waveform Developed on the Basis of the 
Software Communications Architecture

The waveform was defined using existing 
telemetry link characteristics and space 
exploration initiative scenarios. The basic 
parameters defined were data rate, 
modulation, coding scheme, symbol rate, 
baseband data interface, intermediate 
frequency interface, scrambling scheme, 
and bandwidth. The waveform was 
designed from both signal-processing 
and software component perspectives. 
Running the waveform at a data rate of 
1 megabit per second (Mbps) allowed the 
majority of signal-processing functions to 
be implemented in software. In addition, 
most functions could be implemented 
in the general-purpose processor, mak-
ing the waveform ideal for portability 
and SCA implementation. However, 
since most applications require higher 
data rates, several higher rate signal-
processing functions were targeted for 
FPGA implementation. This approach 
provides options for future waveform 
scalability.

Waveform transmit functions and top-level SCA components and interfaces. IESS, Intelsat Earth Station Standards; 
CCSDS, Consultative Committee Space Data Standards; GPP, generic packetized protocol; QPSK quaternary 
phase shift keying; BPSK, binary phase shift keying.

Domain
log
Log

Resource

Generator test data or
selects an external source

Convolution codes data:
IESS or CCSDS standards

Modification modes:
QPSK and BPSK

Assembly controller

IF mode: 10 or 70 MHZ
Symbol rate: 20 kHz to 2 MHz

Key

Resource Resource Resource

Data
generator

Encoder
Filter and

upconverter
Modulation

mapper

PacketOutPacketOut

Data
packets

Analog
intermediate

frequency (IF)

PacketIn PacketIn

Writefrabric

PacketOutRequestIn

LogOut

Interface

Configurable properties

Software
component

Ports

LogOut

LogOut

LogOut LogOut

Deploys software 
components; processes 
external configuration, 
control, and query requests

DataGen

Encoder ModMapper

Filter&UpConv

FabricWriteChannel

GPP
logical device

FabricChannel0

FPGA
logical device

Digital-to-analog
converter



RESEARCH AND TECHNOLOGYRESEARCH AND TECHNOLOGY

NASA GLENN RESEARCH CENTER          21                                              2005 RESEARCH AND TECHNOLOGY

The final step of the waveform development was integrating the waveform 
with the SCA infrastructure. The figure illustrates the complexity of wave-
form transmit functions (e.g., data generator, encoder, modulation, filtering 
and digital upconversion, and digital-to-analog converter) mapped across 
the software elements or components (logging function, logical connection 
ports, and interprocess communication transport mechanisms) of the SCA 
architecture. 

The completed waveform will serve as a tool in the software-defined radio 
testbed to support further architecture tradeoffs for the space environment. The 
waveform routines can be scaled for data rates, frequencies, and alternative 
architectures to examine the range of communications commonly employed 
by NASA for space.
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Left-handed metamaterials (LHMs), also known as negative-index materials, 
are a new media engineered to provide an effective negative index of refraction 
over a selected frequency range. This characteristic enables LHMs to exhibit 
physical properties never before observed. In particular, a negative index of 
refraction causes electromagnetic radiation to refract or bend at a negative 
angle when entering and leaving an LHM as shown in this schematic. This 
enables radiation to be focused with a flat LHM lens. With a flat lens, unlike a 
conventional curved lens, the focal length can be varied simply by adjusting 

Multifocal Flat Lens Demonstrated With Left-Handed Metamaterial 

the distance between the lens and the 
electromagnetic wave source. Research-
ers at the NASA Glenn Research Center 
developed computational models for 
LHMs with commercial three-dimensional 
electromagnetic simulation codes (ref. 1), 
constructed an LHM flat lens, and used it 
to experimentally demonstrate reversed 
refraction and multifocal flat lens focusing 
of microwave radiation (ref. 2).

The LHM configuration used in this experi-
ment is a periodic array of metallic rings 
and wires based on work by research-
ers at the University of California at 
San Diego (refs. 3 and 4). The photograph 
on the next page shows part of the 
flat lens array of LHM cells that Glenn 
researchers constructed. For the focus-
ing experiment, the metamaterial slab 
was placed inside a parallel-plate wave-
guide. On the source side, microwaves 
were emitted from a dipole antenna and 
directed into the metamaterial array. 
 

The dashed lines represent the refracted path of radiation entering 
a conventional material with a positive index of refraction. Electro- 
magnetic radiation refracts or bends at a negative angle when 
entering and leaving a slab of material with a negative index of 
refraction as indicated by the solid lines. The negative refraction 
angles enable radiation to converge to a focal point.

Focal 
point
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On the other side of the array, a computer-controlled detecting probe meas- 
ured the power distribution in the x-y plane.

The graphs show the measured power beyond the metamaterial array. These 
results indicate the effects of negative refraction and demonstrate the feasibility 
of a multifocal left-handed metamaterial flat lens. Because of the high attenu-
ation with the ring and wire geometry, approaches that could be more promis-
ing for practical applications are being investigated. A low-loss flat lens could 
enable objects positioned at different distances from the lens to be recorded 
by simply moving a recorder toward or away from the lens. If such a lens can 
be developed with ultrahigh resolution, it could have tremendous impact on 
a wide range of applications including wireless communications, integrated 
circuit manufacturing, biomedical imaging, detection of low levels of biological 
and chemical elements, and molecular viewing and manipulation.
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Part of the left-handed metamaterial array configuration, which was 
constructed of copper split-ring resonators and wires mounted on 
interlocking sheets of fiberglass circuit board. The total array con-
sists of 3 by 20 by 20 unit cells with overall dimensions of 10 by 100 
by 100 mm.

Measured power beyond the metamaterial 
array with a microwave source located dis-
tances of 30 mm (top), 50 mm (center), and 
70 mm (bottom) in front of the array. The 
corresponding focal points are indicated by 
the maxima in power and are positioned at 
87.5 mm (top), 60 mm (center), and 40 mm 
(bottom) beyond the metamaterial array. 
As the source was moved farther from the 
array, the focal point occurred closer to the 
array. This figure is shown in color in the 
online version of this article (http://www.grc.
nasa.gov/WWW/RT/2005/RC/RCE-wilson1.
html).
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At millimeter-wave and terahertz frequencies, vacuum electronics amplifiers 
have promising potential for high-data-rate secure communications, surveil-
lance, and remote-sensing applications. However, the power and efficiency 
of vacuum electronic slow-wave circuits at these high frequencies is lim-
ited by the small size of the slow-wave circuit. Relatively small dimensional 
variations resulting from conventional micromachining techniques that are 
adequate for lower frequency operation can be large enough to cause serious 
degradation and variation of performance at higher frequencies. To alleviate 
this problem, a new design procedure for significantly improving the power, 
efficiency, and robustness of high-frequency vacuum electronic amplifiers 
was created and developed in an in-house research effort at the NASA Glenn 
Research Center.

Several vacuum electronics slow-wave circuit geometries were investigated 
with a commercial three-dimensional electromagnetics simulation code (ref. 1) 
at frequencies of 94 and 400 GHz, and the folded waveguide geometry shown 
in the preceding illustration was found to be the most robust with respect to 
currently available manufacturing tolerances. A number of micromachining 
techniques were investigated and compared with respect to applicability, 
expected tolerances, and cost. Wire electrodischarge machining appears to 
be the best currently available technique for manufacturing folded waveguide 
circuits at these frequencies.

A robust optimization algorithm based on simulated annealing (refs. 2 
and 3) was created to design slow-wave circuits consisting of a series of 
several hundred folded waveguide periods with varying lengths. This algo- 
rithm differs from previous slow-wave circuit design techniques in that the 
dimensional tolerances are taken into account during the optimization. 
Designs optimized for robustness were developed for folded waveguide 
circuits at 94 and 400 GHz. 

Robust Circuit Designs Developed for High-Frequency 
Vacuum Electronics Amplifiers

The graph shows the simulated statistical 
performance of a 94-GHz circuit design 
obtained with the new robust optimiza-
tion algorithm compared with that of a 
baseline design obtained with a standard 
simulated annealing optimization algorithm 
(ref. 2). For each design, 200 runs with 
pseudorandom dimensional variations 
were performed. The results show that 
the efficiency distribution is significantly 
improved with the new algorithm; similar 
results were obtained with the 400-GHz 
design. These results also indicate that 
this design procedure can significantly 
alleviate the performance degradation 
caused by manufacturing tolerance varia-
tions in high-frequency vacuum electronics 
amplifiers. 
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Four periods, consisting of vacuum 
between copper walls, of a folded wave-
guide slow-wave circuit are shown. The 
entire copper circuit consists of several 
hundred periods with varying lengths. 
Amplification is obtained as the millimeter 
wave or terahertz wave travels through 
the serpentine path of the folded wave-
guide while interacting with an electron 
beam passing through the circular aper-
tures. The length of a single period is 
approximately 500 μm for the 94-GHz cir-
cuit and 150 μm for the 400-GHz circuit.

Sorted run

0 50 100 150 200

E
ffi

ci
en

cy
, p

er
ce

nt

4.8

5.2

5.6

6.0

6.4

6.8

Robust design

Baseline design

Simulated efficiency values of a 94-GHz circuit design 
obtained with the new robust optimization algorithm compared 
with those for a baseline design obtained with a standard 
simulated annealing algorithm. For each design, 200 runs with 
pseudorandom dimensional variations were performed. 



NASA GLENN RESEARCH CENTER          24                                              2005 RESEARCH AND TECHNOLOGY

RESEARCH AND TECHNOLOGYRESEARCH AND TECHNOLOGY

2. Wilson, Jeffrey D.: A Simulated Annealing Algorithm for Optimizing RF Power 
 Efficiency in Coupled-Cavity Traveling-Wave Tubes. IEEE Trans. Electron   
 Devices, vol. 44, issue 12, 1997, pp. 2295–2299. http://ieeexplore.ieee.org/  
 iel3/16/14065/00644656.pdf?arnumber=644656

3. Wilson, Jeffrey D.: Design of High-Efficiency Wide-Bandwidth Coupled-Cavity  
 Traveling-Wave Tube Phase Velocity Tapers With Simulated Annealing 
 Algorithms. IEEE Trans. Electron Devices, vol. 48, 2001, pp. 95–100. 
 http:// ieeexplore.ieee.org/iel5/16/19304/00892174.pdf?arnumber=892174

Find out more about the research of Glenn’s Communications Division: 
http://ctd.grc.nasa.gov
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High-efficiency (greater than 90 percent) microwave 
power combining and high-data-rate transmission 
(622 megabits/sec) were both successfully demonstrated 
for the first time at the NASA Glenn Research Center 
using a novel two-way power-combiner waveguide circuit 
with two 100-W state-of-the-art space traveling-wave 
tubes (TWTs) The TWTs were designed specifically 
for efficient operation (greater than 55 percent) over 
the Deep Space Network Ka-band frequency range of 
31.8 to 32.3 GHz (refs. 1 to 3). The power-combining 
testbed for the two TWTs (SN101 and SN102, Boeing 
Model 999H, Boeing Company, Chicago, IL) is shown 
in the photograph on the left. 

The two-way power-combining circuit, shown schemati-
cally in this diagram, was based on a four-port hybrid 
junction known as a Magic Tee, the basic operation of 
which is illustrated in the top figure on the next page. 
The TWT input powers (ports 1 and 4) add in phase 
at the output port (port 2) and cancel in phase at the 
opposite coplanar port (port 3). For optimum combining 
efficiency, the powers and phases of the two TWTs at 
the input ports must be balanced, which ideally results 
in double the power at the sum port (assuming no power 
losses in the junction). 

The geometries of the Magic Tee and alternative 
hybrid junction were modeled by computer, leading to 
designs with improved efficiency and power handling 
(ref. 4). Two designs, which potentially offer combining 
efficiencies above 95 percent, are shown in the final 
figure. Successful transmission through the Magic Tee 
of the 622-megabits/second digital signal, which was 

High-Efficiency Power Combining of Ka-Band Traveling-WaveTubes 
Demonstrated for High-Data-Rate Space Communications

SN101

SN102

Two-way power-combiner test circuit.

Power-combiner testbed for 100-W space TWTs (serial numbers 
101 and 102). 
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quaternary phase-shift-keying (QPSK) modulated, required maintaining a 
close phase balance over the 311-MHz signal bandwidth. It was thus neces-
sary to appropriately modify the waveguide circuitry to compensate for the 
widely disparate rates of change of phase with frequency of the two TWTs and 
corresponding circuit paths. Initially, the phase differences were about 1°/MHz 
with no signal synchronization. This was subsequently reduced by a factor 
of more than 6, resulting in an observed low bit error rate of 2.4x10–8. An 
additional benefit of the circuit modification was an extension of the useful 
bandwidth of the Magic Tee to more than 3 GHz.

Future NASA deep-space exploration missions may, in some cases, require 
telecommunication systems capable of operating at very high data rates 
(potentially 1 gigabit/sec or more) for efficiently transmitting large volumes of 
scientific data back to Earth. This would require high-frequency microwave 
transmitters (Ka-band) with large bandwidth. The large distances and the 
use of practical antenna sizes would dictate the need for transmitter power 
as high as 1 kW and possibly more. High electrical efficiency would also be 
a requirement. The high-efficiency, wide-band two-way combiner approach 
verified here, which can readily be extended to combining 2n TWTs, where n 
is an integer, also demonstrates the feasibility of meeting these high power, 
data rate, and efficiency requirements.
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The NASA Glenn Research Center is involved in defining next-generation 
communication architectures for space exploration. These architectures are 
examining the use of commercial-off-the-shelf (COTS) mobile router hardware 
to provide communication networking interoperability among space systems. 
To be fully successful, COTS electronics and software require rigorous analy-
sis and testing to determine if they can be used in extreme space environ-
ments. Glenn’s Satellite Networks and Architectures Branch in conjunction 
with Zin Technologies performed radiation susceptibility testing and analyzed 
results to determine the feasibility of COTS mobile-router hardware for space 
applications. 

Mobile Router Technology Investigated for Space Radiation Effects 
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Analytical radiation exposure for lunar orbit mission scenario—one of the space 
mission scenarios analyzed for radiation exposure levels.

Of all electronic components, semi-
conductors are the most sensitive to 
radiation. Radiation can cause both 
permanent and temporary damage to a 
semiconductor device. The most effective 
way to determine the effects of radiation 
on microelectronics is to test the devices 
in radiation environments. Analyses 
were completed to determine radiation 
exposure levels to various sensitive elec-
tronic components of the mobile router 
hardware for a number of space mission 
scenarios (see the graphs). These ana-
lytical levels were used when the elec-
tronics were exposed to a proton beam at 
the cyclotron facility at Indiana University 
(photograph on the next page). During the 
test, failure data were used to statistically 
calculate the mean time between failures. 
With the exception of one component, the 
mobile router electronics demonstrated 
a high immunity to radiation exposure. 
If alternatives are found for the poorly 
performing component, the mobile router 
could prove to be a good candidate for 
noncritical space applications. It should 
be noted that software was not verified 
in this research. The demands for the 
verification and validation of space-rated 
software systems could limit the use of 
many COTS products in high-reliability 
space applications. COTS software 
reliability requires further investigation.

The analysis and testing of commercial 
mobile router technology has demon-
strated that this technology, with appro-
priate component replacement, could be 
a strong candidate for distributing general 
data among space assets. This could 
be applied to onboard data systems for 
habitat and research modules in future 
space exploration initiatives.
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Mobile router hardware test setup in front of the proton beam.

The mobile-router feasibility study was 
funded by the NASA Electronics Parts 
Program and the Space Communica-
tions Applied Systems & Technologies 
Program of the former Space Commu-
nications Office.
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As part of the Advanced Extravehicular Activity program, the NASA Glenn 
Research Center is responsible for communications, avionics, and informatics 
(CAI) subsystems for next-generation exploration spacesuits. Part of this effort 
involves testing operational concepts at the Desert Research and Technology 
Studies (Desert RATS) field outings. Desert RATS is a partnership of sev-
eral NASA centers and outside industry involved in developing technologies 
applicable to the manned exploration of a planetary surface (the Moon and 
Mars). Individual teams work throughout the year on promising new technolo-
gies, which are candidates for demonstration at the outing. 

The Desert RATS field outing is an opportunity to evaluate various concept 
technologies in a location selected to closely mimic characteristics of the 
Moon and Mars surface. The field outing is a laboratory for learning how to 
live and work during a human and robotic surface exploration mission. This 
year’s exercise took place in a highly remote desert area near Meteor Crater, 
Arizona. The site was chosen for its terrain, lack of vegetation, and powdery 
soil. Held in September 2005, this year’s outing involved integrated communi-
cations and data systems for two spacesuited subjects as well as interaction 
with the NASA Johnson Space Center Science Crew Operations and Utility 
Testbed (SCOUT) rover (see the photograph on the right). Approximately 120 
individuals (9 from Glenn) participated at the test site. 

Advanced Extravehicular Activity Subsystems Tested at Desert 
Research and Technology Studies Field Outing

Two spacesuits being tested in conjunction 
with the SCOUT rover.
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Glenn developed the voice- and data-communications systems for 
the field outings. The communications system included both proxim-
ity voice and data networking (see the preceding photograph on the 
right) among surface assets. It also included satellite communications 
(see the lower photograph on the left) to the Exploration Planning 
Operations Center located at Johnson Mission Control. In addition, 
Glenn developed two CAI packs, which provided the communica-
tions, avionics, and informatics subsystems for each spacesuit (see 
the lower photograph on the right). These packs mount on the back 
of the portable life-support system and house the computer, radios, 
and other scientific instrumentation for the suit. The computer system 
in the CAI pack allowed the demonstration of advanced informatics 
software concepts. The NASA Ames Research Center worked in col-
laboration with Glenn to provide prototype software including voice 
recognition and productivity software integrated with helmet-mounted 
displays. Glenn also developed an audio subsystem to evaluate concept 
helmet-mounted audio interfaces. Digital signal processing techniques 
were used to clean up the audio from the suited subjects to make 
their vocalizations more intelligible. This research was funded by 
the Human Systems Research and Technology Program of the 
Exploration Systems Mission Directorate. 

Find out more about how Glenn’s support of Desert RATS benefits 
space exploration:
http://exploration.grc.nasa.gov/Exploration/outreach_articles/articles/ 
Article-DRATS.html
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Glenn engineers and contractors deploying a surface 
proximity networking relay station.

Glenn communications engineer Michael Cauley checking out the 
satellite communications terminal.

CAI pack

Two CAI packs mounted on each of the advance space-
suits during dry run testing at Johnson.
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Most commercial aircraft require more antennas than in the past to accom-
modate a variety of required operating frequencies. As more antenna ele-
ments are deployed on an aircraft, existing electronics-based networking 
systems may not be the best way to route digital and analog signals because 
of the significant volume of electronic cables required to accommodate each 
antenna. The higher mass of cables would reduce fuel efficiency, increase 
electromagnetic interference, and make cable repair and maintenance more 
difficult. As an alternative, NASA Glenn Research Center’s Satellite Network 
and Architecture Branch developed a radiofrequency/optical networking 
subsystem for data and voice transmission that reduces the adverse effects 
caused by conventional electronic subsystems. 

The diagram shows the architecture of a radiofrequency/optical backbone 
network for supporting multiple antenna elements on an aircraft. There are 
six physical layers constructed in this architecture: the antenna, the protocol 
converter, a transceiver, protection and working fibers, another transceiver, 
and the hub and switch module. Protection and restoration data paths are 
used to prevent data loss in case of cable failure, port failure, or catastrophic 
failures. The architecture is based on the optical wavelength division mul-
tiplexing approach, which can support different types of protocols such as 
synchronous optical network (SONET)/synchronous digital hierarchy (SDH) 
time-division multiplexing, Ethernet system, and asynchronous-transfer-mode- 
(ATM-) packaging-based or cell multiplexing systems.

Two popular transport protocols proposed for the aircraft’s networking back-
bones are SONET and wavelength division multiplexing (WDM). SONET has a 
number of advantages over other optical protocols, such as (1) less equipment 

Architectures and Protocols Assessed for Optical Networks Deployed 
on Aircraft Communication Systems

Architecture of radiofrequency/optical backbone network suitable for supporting 
numerous antenna elements on an aircraft. 

Transceiver

1 2 3 6

Working fiber

Protection fiber
Drop/pass switch

Protocol
converter

Antenna

Terminal

Transmission
line

Terminal

Terminal
Transmission
line

Bus Tap

Hub/switch

needed, (2) increased network reliability, 
(3) easy access for switching and multi-
plexing, and (4) a flexible architecture to 
accommodate future requirements.

WDM relies on the fact that an increased 
number of wavelengths on a fiber tends 
to enhance the bit rate of network sys-
tems. A major attractive feature of the 
WDM structure is that each individual 
wavelength can use a different protocol 
for transport. For example, we could use 
one wavelength for SONET, a second for 
optical gigabit Ethernet, and a third for 
ATM. Such a WDM structure saves costs 
because just one amplifier can act upon 
all wavelengths. Most WDM equipment 
can support different types of interfaces, 
 

such as SONET, Ethernet (1 gigabit per  
second (Gbps), 10 Gbps, and fast), fiber 
channel, and ATM. 
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The Space Communications Testbed (SCT) is one of the defining projects 
of the Space Exploration Initiative that was awarded in April 2005. The SCT 
team is composed of ViaSat/Comsat (prime contractor) with Glenn Research 
Center, Goddard Space Flight Center, Langley Research Center, and the Jet 
Propulsion Laboratory as participating NASA centers.

The SCT is an integrated communications testbed focused on detailed testing 
of advanced space and ground communication networks, technologies, and 
client applications that are essential for future space exploration. Missions 
will utilize the testbed from development to operations for defining and vali-
dating mission requirements, testing communication schedules and patterns, 
testing and validating mission protocols, and verifying operational software. 
The testbed will function in an end-to-end environment where communications 
can occur continuously and seamlessly from a base station on the Moon to a 
computer connected to the Internet on Earth and, potentially, hopping through 
a series of relay satellites, as shown in the diagram. Customized, user-defined 
scenarios will specify the entities of the system, such as satellite and ground 
stations, and their properties, such as antennas and data rates.

SCT is divided into two phases. Phase I, a 1-year effort (April 2005 to 2006), 
will define a proof-of-concept system that NASA will use and evaluate. 
Phase II, a 3-year effort (2006 to 2009), will consist of system development 
and testing. In phase I, Glenn has the following responsibilities: 
(1) Lunar Relay Satellite system development—The Lunar Relay 
  Satellite is a satellite constellation system that will orbit the Moon. It  
  will communicate with land entities on the Moon and satellite entities 
  in space and will have cross-linking capabilities between individual      
  satellites in the system. Orbital characteristics were based on the results  
  of the Space Communications Architecture Working Group.
(2) Link emulator development—The link emulator provides bit-error-rate 
  characteristics, link delays, data rates, and data loss. In phase II, the 
  development will include aspects such as Doppler shift. The link 
  emulator will use a technique called virtual large-area networks (LANs)  
  to emulate multiple antennas on a satellite or ground station. Internally  
  to the emulator, the connections will be dynamically bridged in an 

Phase I Space Communications Testbed Developed
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  on-demand fashion. The number of  
  connections to the emulator will be  
  based on the number of ports 
  available.
(3) Protocol tradeoff study—This year 
  Glenn studied, tested, and evalu- 
  ated a number of publicly and com- 
   mercially available space-based 
  protocols. The Glenn SCT team con-  
  ducted a static analysis by evalua- 
  ting code and documentation for 
   parameters, such as the features 
  and highlights of the protocol, 
  assessment of the technology 
  readiness level, the amount and  
  thoroughness of protocol testing, 
  and an identification of any known  
  issues with the protocol. In addition, 
  the team will conduct a dynamic 
   test through the Protocol Research  
  Evaluation Environment Testbed. 
  The handbook from the protocol 
  tradeoff study will serve as an  
  operations guide for protocol 
  integration in the SCT.
(4) Monitor and controller—The moni- 
  tor and controller provide an inter- 
  face for the main SCT controller 
  located at ViaSat, to direct, man- 
  age, and control Glenn’s regional 
  testbed. Glenn’s monitor and control- 
  ler is responsible for configuring 
  entities, starting and stopping the 
  emulation, and providing health 
  monitoring and statistics of the test- 
  bed. It will report warnings and errors  
  to the main testbed at ViaSat.

Find out more about Glenn’s Satellite 
Networks & Architectures Branch:
http://ctd.grc.nasa.gov/5610/5610.html
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Closed-Loop Actuation Concepts Investigated for Active Clearance Control

INSTRUMENTATION AND CONTROLS

Active clearance control systems in the high-pressure turbine section of 
commercial aircraft engines are used to close the gap that exists between 
the turbine blades and shroud, minimizing leakage flow over the blade tip. 
Reducing this leakage flow will benefit specific fuel consumption, potentially 
saving the airline industry millions of dollars every year and lowering envi-
ronmentally harmful nitrous oxide (NOx) emissions, and it will also benefit the 
exhaust gas temperature overshoot that occurs during takeoff, improving the 
on-wing life of hot-section components and the time between overhauls. Cur-
rent clearance control systems onboard modern engines only yield modest 
benefits because they rely on slow-response case cooling to match the ther-
mal deflections of high-pressure turbine components. Significant gains may 
be realized by employing an active control system consisting of clearance 
probes and fast-response actuators to maintain tight clearances throughout 
the entirety of flight.

HTSMA active clearance control actuator concept. CDP, compressor discharge 
pressure.
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In-house researchers at the NASA 
Glenn Research Center are developing 
a high-temperature shape-memory alloy 
(HTSMA) actuator that is demonstrated to 
have the physical robustness necessary 
to withstand the extreme temperatures 
of the high-pressure turbine. Shape-
memory alloys are promising actuation 
candidates because they have energy 
densities an order of magnitude higher 
than other candidate actuators, an attrac-
tive characteristic in meeting the stringent 
weight and size goals of a flight-worthy 
actuator package. They are also preferred 
because they can potentially operate with-
out the addition of bulky power amplifiers, 
thereby minimizing energy consumption 
and weight of the actuation system. A 
viable HTSMA actuator concept was 
developed for application in the Active 
Clearance Control Test Rig at Glenn. 
The concept consists of several parallel 
HTSMA wires (Ni30Pt20Ti50) that longitudi-
nally expand or contract with changes in 
temperature, moving the shroud inward 
or outward relative to the blades. For 
implementation in a high-bypass turbofan 
engine, each actuator must displace at 
least 0.033 in. against large time-varying 
loads up to 2200 lbf and wide variations 
in the ambient temperature.

For evaluation of the HTSMA concept, 
a high-fidelity model of the actuation 
system was developed, the design was 
optimized, and the actuators were simu-
lated to verify controllability across the 
engine’s operating envelope. Transient 
simulations in a testbed engine simulation 
(see the graphs) revealed that a design 
consisting of ten 0.09-in.-diameter wires 
can provide rub-free tracking during rapid 
operating point transitions. It also showed 
that only a small amount of bleed coolant 
air from the fan is necessary for actuation 
and that a linear proportional-integral-
derivative control law with anti-windup 
protection is sufficient for precise shroud 
control with the nonlinear actuator across 
the operating envelope.
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High-pressure turbine component deformation and simulated active clearance 
control scenarios during takeoff.

Shape-memory alloys, along with conventional servohydraulics and piezo-
electric stacks are part of a broad feasibility study of active clearance control 
actuators. Servohydraulic actuators are a low-risk conventional technology, but 
resulting designs are high in weight and require large hydraulic power draw to 
operate. On the other hand, the two smart material actuators—piezoelectrics 
and shape-memory alloys—are high-reward technologies with greater energy 
densities but are considered to be of lower technological maturity and, there-
fore, higher-risk. The ultimate goal of this ongoing effort is to design, build, 
and demonstrate conventional and smart material actuation devices on the 
Active Clearance Control Test Rig.

This in-house study was conducted by 
Glenn’s Controls and Dynamics Branch 
and the QSS Group, Inc., in collaboration 
with Glenn’s Mechanical Components 
and Advanced Metallics Branches.
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Dynamic modeling and control methodologies are being developed to control 
the hybrid solid oxide fuel cell (SOFC) power system throughout its operat-
ing envelope and to develop subsystem integration processes, flow-down 
approaches for specifications, and corresponding analysis tools. As the avia-
tion industry moves toward higher efficiency electrical power generation, all-
electric aircraft (zero emissions), and more quiet aircraft, fuel cells are being 
sought as the technology that can deliver on these high expectations. The 
hybrid solid oxide fuel cell system combines a fuel cell with a microturbine to 
obtain up to 70-percent cycle efficiency and then distribute the electrical power 
to the loads via a power-distribution system. The challenge is to understand 
the dynamics of this complex multidisciplinary system, specify the subsystem 
interfaces, and design distributed controls that take the system through its 
operating scenarios in a stable and safe manner. All this needs to be accom-
plished while the overall system behaves much like a traditional power system 
in terms of its specifications and expected performance.

Hybrid-Fuel-Cell Power System Modeling and Controls Design Being Developed

In this modeling and analysis approach, 
high-fidelity models are being developed 
for the distributed control designs, inter-
face specification, and stability analysis; 
whereas low-fidelity models are being 
developed for longer time transient 
response analysis and to develop sys-
tem control strategies. The high-fidelity 
models extend to frequencies that are 
up to the subharmonic frequency (i.e., 
half the switching frequency of the power 
processors), typically tens of kilohertz. 
In this regard, the power management 
and distribution system dictates the fre-
quencies that need to be included in the 
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power source models so that the hybrid fuel cell properly 
interfaces with the dynamics of a typical power system. 
A preliminary detailed SOFC model has been developed 
for this analysis, which includes the conservation equa-
tion dynamics, ion diffusion, charge transfer kinetics, 
and inherent impedances.

It has been determined that the fuel cell mathematical 
model needs to include the following: the fuel cell volt-
age relation based on the Gibbs free energy and the 
Nernst potential, lumped volume conservation equations 
modeling that includes steady-state electrochemistry 
and the enthalpies of formation, ion diffusion model-
ing, charge transfer kinetics modeling, and the inherent 
electron flow impedances. This mathematical model 
derivation can be improved and calibrated by imped-
ance spectroscopy testing. 

The fuel cell model developed so far covers most of the 
modeling areas mentioned, including the development 
of simplified low-fidelity models. For the power system, 
certain key components, such as converters and invert-
ers, are modeled with the d-q axes approach (i.e., in 

Hybrid SOFC power system design. PMAD, power management and distribution; BCDU, battery charge discharge 
unit; ac, alternating current; dc, direct current.
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a stationary reference frame). So far, most of the power-distribution compo-
nents that interface with the hybrid fuel cell system have been modeled. This 
modeling approach will allow researchers to study and specify the dynamics 
of these interfaces and to design system operations and control. So far, sys-
tem operations and control designs have been conceived, such as (1) using 
a battery to temporarily divert the load current in case of a load loss (which 
presents a safety issue) until the fuel supply to the fuel cell can be cut off or 
(2) using the battery for load transients to allow time to rebalance the source 
power of the microturbine and the fuel cell and match it to the load demand. 
The microturbine model is currently based on a steady-state spreadsheet 
model where reduced-order dynamics are added. A high-fidelity microturbine 
model based on conservation equations will be developed for the hybrid fuel 
cell. These equations also will be used to model other auxiliary components 
like diffusers, heat exchangers, heaters, and humidifiers. 

The stability specification methodology calls for using the models developed, 
after they have been calibrated with test data, to determine the power source 
(fuel cell and microturbine) output impedances at the various system oper-
ating points involving voltage, temperature, and pressures. A preliminary 
top-level Nyquist stability specification is in the process of being developed. On 
the basis of this specification and the knowledge of the source impedances, 
the limits on the power-distribution load impedances will be determined at 
the fuel cell and microturbine interfaces. This will allow the system design to 
be stable with quantifiable stability margins. The resulting methodology will 
start by modeling the hybrid system components on the basis of the individual 
component designs, testing to calibrate the models, designing stable power 
source-distributed controls, determining the source impedances, and finally (on 
the basis of these impedances) specifying the power-distribution components 
that will interface with the source at these system interfaces. In addition, the 
methodology will specify the closed-loop control designs and, eventually, the 

Turbine speed-control diagram. ω, turbine speed; νabc, three-phase voltage; νfd, 
field winding terminal voltage; Gp

, speed controller transfer function.
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inrush current and the voltage/current 
spectral densities that limit the life of the 
fuel cell. Once the system is shown to 
be stable, the reduced-order models will 
be used to design and verify the system 
operation controls and to conduct tran-
sient analysis. 
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A typical engine inner-loop control architecture uses fuel flow to control fan 
speed, which is assumed to be highly correlated to engine thrust. However, 
as the engine ages the relationship between fan speed and thrust changes, 
thus changing the thrust response to throttle input. If all engines on a multi-
engine aircraft do not have the same throttle-to-thrust relationship, a thrust 
imbalance can result, producing unwanted yaw, which requires pilot interven-
tion to correct. To overcome this problem, researchers at the NASA Glenn 
Research Center developed and demonstrated a retrofit architecture for intel-
ligent turbofan engine control and diagnostics that changes the outer-loop 
fan-speed reference signal to account for changes in the fan speed-to-thrust 
relationship. This architecture includes a thrust estimator, the output of which 
is compared with the thrust response of a “nominal” engine to generate the 
corrected fan speed reference.

For a two-engine aircraft, as in the example, the intelligent control system 
evaluates the safety, performance, and capabilities of the engines. It takes 
input from both engines (control signals, sensed variables, thrust estimate, 
etc.) to determine each engine’s current health and fitness for the mission. 
It also generates the outer-loop thrust command that both engines follow. If 
the intelligent control determines that the condition of an engine is such that 
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corrective action is beyond the scope 
of the propulsion control (for example, a 
problem that might compromise the mis-
sion), it communicates this information 
to the mission manager. The intelligent 
retrofit architecture was demonstrated 
to compensate for thrust imbalance in 
a fixed-base piloted flight simulator for 
a commercial aircraft/engine simulation 
with one of the two engines severely 
degraded. With the intelligent control 
adjustment on, the pilot did not have to 
retrim the plane or adjust the throttles 
individually to maintain heading, thus 
resulting in reduced pilot workload. The 
thrust estimator tracked the actual thrust 
of the degraded engine and enabled direct 
thrust control. The work was performed 
in-house at Glenn.

Retrofit Architecture for Intelligent Propulsion Control Demonstrated to 
Compensate for Thrust Asymmetry Due to Engine Degradation

Hierarchical intelligent control architecture consisting of the direct control level (the 
two small rectangles with light shading including engine control and engines 1 and 
2), which controls the engine fan speed to a setpoint; the outer-loop control level 
(the two large rectangles with dark shading in the center and bottom of the figure), 
which adjusts the fan-speed reference signal to the direct control level to set thrust; 
and the intelligent control level (the large shaded rectangle at the top of the figure), 
which performs diagnostics and health management and sets the thrust reference 
for the outer-loop control.
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Plots showing pilot workload in three cases: (1) both engines nominal, (2) one engine 
degraded with no outer-loop control, and (3) one engine degraded with outer-loop control 
on. The variables are the four pilot input devices: pitch stick, lateral stick, rudder pedals, and 
throttle or power lever angle. It is clear that the nominal and degraded cases under intel-
ligent control were similar in terms of pilot workload (the amount of control movement the 
pilot needed to use to maintain the flight path). The degraded case with no intelligent control 
(no outer loop control) required much more effort by the pilot in terms of both lateral stick 
(which affects roll) and rudder pedals (which affect yaw).
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Online data validation is a performance-enhancing component of modern 
engine control and health management systems. It is essential that the perfor-
mance of a data-validation system be verified prior to its use in a flight-rated 
engine control and health management system. A new Data Qualification and 
Validation (DQV) Testbed application was developed and demonstrated. This 
testbed provides a systematic test environment for that performance verifica-
tion. It was used to evaluate a model-based data-validation package being 
employed as the data-validation component of a rocket engine health man-
agement system. The DQV Testbed was developed and evaluated through 
an in-house effort at the NASA Glenn Research Center in collaboration with 
Christian Brothers University and Expert Microsystems, Inc.

The DQV Testbed is composed of four major modules: the test manager 
module, the data source module, the data-validation module, and the analysis 
and reporting module. The functionality of these modules and the information 
flow between them is illustrated in the diagram. The test manager module is 
used to define the test conditions, and it controls the overall execution of the 
test sequence. The data source module generates test data for the data- 
validation module. The data-validation module acts as an interface between 
the testbed and the health management system being evaluated. The 
analysis and reporting module evaluates the output from the system being 
tested with the known test conditions and generates a series of reports 
summarizing the results.

The primary benefit of the DQV Testbed is its ability to execute numerous 
health management system evaluations and to present results in a concise, 
yet informative manner. The reporting of results can be customized for a 

Data Qualification and Validation Testbed—New Tool Developed and 
Demonstrated for Evaluating the Performance of Engine Health 
Management Systems
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particular health management system as 
in the sample report shown in the table. 
Alternatively, a broad-based report can 
provide evaluation results in a histogram 
format using five generic categories: 
(1) Correct fault detection and 
 isolation—A fault condition was  
 detected and isolated to the one 
 correct fault.
(2) Fault detection and partially 
 correct isolation—A fault condi- 
 tion was detected and isolated to a 
 fault candidate list that included the  
 correct fault.
(3) Fault detection, but incorrect 
 isolation—A fault condition was  
 detected, but it was isolated to a fault  
 candidate list that did not include the  
 correct fault.
 (4) No fault detection—A fault condition  
  was not detected.
(5) False fault detection—A fault 
  condition was incorrectly detected 
  when a fault was not inserted.
Results like these provide a means for 
developers to characterize the perfor-
mance of and assess tradeoffs for a given 
health management system.
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During initial studies, the DQV Testbed was shown to be an effective tool for cost-
effective and comprehensive testing of health-monitoring systems. It provides 
an efficient avenue for assessing the strengths and weaknesses of prototype 
data-validation and fault-detection systems by improving the understanding of 
those systems’ capabilities and tradeoffs. The testbed provides a potentially 
useful and important element of the infrastructure needed to iteratively develop 
and flight-qualify future propulsion health-monitoring systems.
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Fiber Bragg gratings are formed by periodic variations of the refractive index 
in the core of an optical fiber. These periodic variations allow a fiber Bragg 
grating to pass the majority of light propagating through a fiber while reflect-
ing back a narrow band of the incident light with a particular peak wavelength 
called the Bragg wavelength. In response to induced disturbances, the Bragg 
wavelength changes, making the grating a versatile sensing device. However, 
because they are “written” in germano-silicate fibers, the gratings are expected 
to fail at high temperatures because of the devitrification (crystallization) of 
the host material and the dissipation of the gratings themselves. 

To assess the stability of Bragg gratings at high temperatures, researchers at 
the NASA Glenn Research Center evaluated the performance of the devices 
at temperatures up to 1000 °C using commercially available polyimide-coated 
high-temperature gratings annealed by the manufacturer to 300 °C. The grat-
ings were placed in a furnace, and the signals generated by them were sent to 
photodetectors and, from there, to a spectrum analyzer. After that, the signals 
were fed into a computer equipped with LabVIEW software. This software was 
used to control and monitor the equipment as well as to process the data.

The tests included thermal cycling from room temperature to 750 and 1000 °C 
as well as prolonged exposure of the gratings to 1000 °C. The thermal limits 
of the tests were restricted by the test configuration and could be extended 
to even higher temperatures. 

Fiber Bragg Gratings Operated at 1000 °C

The top left graph on the next page shows  
test results from continuous operation 
of Bragg gratings at 1000 °C for over 
400 hr. The top right graph describes 
events that happened during the first 
25 hr of testing. It also shows the trans- 
ition from degradation in the grating 
reflectivity to a formation of a stable  
response after 15 to 16 hr. The final 
graph demonstrates test results from 
continuous thermal cycling of Bragg 
gratings from room temperature to 
1000 °C. It clearly shows the first run 
(cycle) during which the transient phe-
nomenon and the formation of the stable 
response occur. After that, the conse-
quent runs show very high repeatability. 
During the tests, the gratings were able 
to track the temperature measured by 
reference s-type thermocouples within 
3-percent accuracy. 
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Left: Test results from continuous operation of Bragg gratings at 1000 °C after 400 hr. Right: Formation of a stable 
response during the first 25 hr.

The tests confirmed the formation, at high tempera-
tures, of secondary thermally stable gratings in the 
germania-doped glasses. These secondary gratings were 
formed in place of the primary ones originally written by 
the ultraviolet light. Our results were corroborated by 
similar data obtained independently and simultaneously 
by other research groups, including Sabeus Photonics, 
United States; Royal Institute of Technology, Sweden; and 
Communication Research Center, Canada.
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Testing capabilities recently developed at the NASA Glenn 
Research Center are being used to conduct highly vital 
tests in support of major and significant components of the 
Stirling Radioisotope Generator (SRG). These tests help in 
the development of an analytical life-prediction methodology 
and assist in verifying the life of flight-design components. 
Key components within the SRG undergo very harsh oper-
ating environmental conditions. For example, the heater 
head pressure vessel must bear high-temperature loads for 
an extended period of time. Such conditions are very wor-
risome since they impose life-limiting material creep and a 
slow gradual increase in strain, which will lead to an even-
tual breakdown. Efforts are ongoing to design an optimized 
heater head vessel that meets engine operation requirements. 
Substantial progress has been made. 

Experimental testing under biaxial loading is generally the 
appropriate approach for properly evaluating the perfor-
mance, assisting in the design, and understanding the material 
behavior of heater head components under complex stress 
states (refs. 1 to 4). Furthermore, the structurally critical cylin-
drical heater head is made of thin-section wrought Inconel 718 but must operate 
at temperatures as high as 650 °C. Creep resistance is the primary durability 
limitation. Experiments under equibiaxial and nonequibiaxial loadings are being 
performed using cruciform-type specimens at combined thermomechanical 
loading conditions emulating a creep environment. This is followed by detailed 

three-dimensional 
finite-element anal-
yses of the speci-
men under both 
elastic and steady-
state creep condi-
tions. It is to model 
the high-tempera-
ture creep, to cali-
brate the accuracy 
of the specimen’s 
geometry, and to 
plan for the biaxial 
testing.

A cruciform plate 
tes t  spec imen 

design was successfully developed and optimized with overall dimensions of 
12 by 12 by 0.625 in. (30.48 by 30.48 by 1.5875 cm) and a gauge area of 2.3 
by 2.3 by 0.050 in. (5.842 by 5.842 by 0.127 cm) (ref. 1). The most important 
feature of the design was the four sets of flexures that were incorporated to 
partially decouple the applied biaxial loading. Detailed dimensions of the speci-
men are shown in the preceding figure. This design was tested and checked 
for compatibility with the in-plane biaxial testing systems installed at Glenn 
(ref. 1). The desired uniform stress state was achieved in the gauge region 

In-Plane Biaxial Loading Tests Used to Develop and Optimize a Heater Head 
Pressure Vessel Design

(see the figure above). This indicates 
that this cruciform specimen is suitable 
for biaxial testing and that these analyses 
will have a relevant role in evaluating the 
performance of this key component.

The benchmark testing was performed 
in collaboration with Glenn’s Thermal 
Energy Conversion Branch as part of a 
Glenn in-house project supporting the 
development of the SRG110. NASA’s 
Science Mission Directorate provided 
funding for this effort. The overall SRG110 
project is managed by the Department 
of Energy. Lockheed Martin and Infinia 
Corporation are developing the SRG110 
for the Department of Energy. Glenn is 
providing supporting technology devel-
opment for the SRG110, independent 
verification and validation testing, and 
advanced technology efforts.
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Health management development for advanced propulsion systems and 
ultrasafe engine technologies continues to be one of NASA’s aviation safety 
program’s goals. Such health management systems will assist in predicting, 
detecting, preventing, and overseeing safety-significant propulsion malfunc-
tions. The primary goal is to minimize the number of propulsion system faults 
that lead to or contribute to civil aircraft accidents. Moreover, the health 
monitoring of essential and key components in aircraft engines, such as 
rotors, is gaining increased interest among engine makers and government 
institutions involved in aviation safety because it is becoming necessary to 
impose safety conditions during operation and to lower maintenance costs. 
In summary, having reliable diagnostic tools for the damage detection and 
health monitoring of rotating components is important in maintaining engine 
safety and reliability. 

Finite Element Analysis Used to Study a Rotating Disk Subject to Cracking 
Under Typical Turbine Engine Loading Conditions 

Notch
Maximum
stress

Disk centroid, mass, 
and shift calculations

The NASA Glenn Research Center’s role 
in supporting the NASA Aviation Safety 
Program involves providing finite-element 
analytical studies to study the durability 
issues of a rotor disk for a propulsion 
system. This led to carrying out analy-
ses under representative engine loading 
conditions to investigate the applica- 
tion, performance, and functionality of 
an in-house crack-detection system. 
Rotational speeds in the range of 2000 
to 10,000 rpm were used. Several key 

Left: Rotor disk with attachment blades. Right: Von Mises stress distribution at 10,000 rpm for a 1.3-in. notch located in the rim 
region. Results for nickel CM–400 with the blade-hole aligned.
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design parameters, such as center-of-mass shift, induced cracks that ranged 
in length from 0.2 to 2.0 in. (1 to 5 cm), attachment blades, and typical holes 
within the disk, were explored to study their influence on the crack-detection 
system performance. Additional activities included comparing analytically 
derived results with those obtained from the experiment to verify the effec-
tiveness and applicability of the system. The figures display typical results 
showing the relevant influence of these parameters on the performance of 
the disk and the crack-detection system. Furthermore, the results indicate that 
adding notches to the disk will allow systematic evaluation of crack-detection 
techniques by implementing highly controlled crack-initiation and crack-growth 
tests on a subscale, cost-effective spinning rotor.
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Because of their high-temperature strength properties, silicon carbide/silicon 
carbide (SiC/SiC) composite materials targeted for use in turbine components 
were developed at the NASA Glenn Research Center. Impact damage that 
occurs in hostile combustion environments reduces the strength properties 
of components made from these materials. Therefore, it was necessary to 
develop nondestructive evaluation (NDE) methods to detect and character-
ize impact damage in SiC/SiC composite materials for material development 
and future inspection purposes. The complex nature of the composite weave 
and the amount of porosity in ceramic matrix composites makes investigation 
with ultrasonic methods extremely challenging. Conventional x-ray methods 
are not able to detect planar defects, such as delaminations. Although micro-
focused computed tomography has been useful in detecting damage depth 
in small SiC/SiC composite samples, it has significant limitations with respect 
to inspection time, costs, and sample size. All these limitations necessitated 
the research and improvement of other inspection methods, such as pulsed 
thermography, for SiC/SiC composite materials.

Therefore, impact damage in 2.4-mm-thick SiC/SiC composite materials was 
investigated and characterized at Glenn with pulsed thermography 
(ref. 1). Pulsed thermography is an NDE technique that monitors the thermal 
response of a material over time. The surface of a component is heated with 
an instantaneous, uniform pulse of heat. As heat flows toward the back side 
of the material, disruptions in heat flow, due to subsurface discontinuities, 
result in localized surface temperature variations that are detected with an 
infrared camera.

Impact Damage in SiC/SiC Composite Materials Characterized 
With Pulsed Thermography

In order to examine impact damage, 
researchers impacted SiC/SiC coupons 
with 1.59-mm-diameter steel spheres at 
velocities from 115 to 400 m/sec. Dam-
age that went undetected optically was 
detected with pulsed thermography at 
impact velocities as low as 220 m/sec. 
A flat-bottom-hole thermal standard was 
fabricated to determine defect resolution 
limits and impact damage depth in these 
materials. Holes with hole-diameter-
to-depth aspect ratios above 2.5 were 
detectable. Although detectable in the 
thermal image sequence, the edges of 
flat-bottom holes with depths 1.93 mm 
from the interrogation surface were not 
readily resolved because of their proxim-
ity to the back surface. The information 
acquired from the thermal standard was 
compared with thermal data acquired 
from an impacted SiC/SiC sample with 
known damage to determine the impact 
damage depth.
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An illustration of how the depth of damage analysis can be applied follows. The 
figure shows a thermal image of an impacted sample with the cooling curves 
for an averaged 13- by 13-pixel area reference region and a delaminated 
1- by 1-pixel area. The sample, impacted at 300 m/sec, had clearly identifiable 
damaged and undamaged regions in the thermal image. As shown on the 
cooling curve, the time of departure from the reference region is 0.031 sec. 
According to an equation derived from the analysis of the SiC/SiC standard 
(ref. 1), this time corresponds to a depth of 2.03 mm from the surface, which 
has an 8.5-percent error when compared with the depth of the delamination 
of 1.87 mm, as measured from a computed tomography image. 

In addition to impact damage, these results can be utilized to characterize 
manufacturing defects in samples and components made from SiC/SiC mate-
rials with thicknesses of approximately 2.4 mm. This research represents 
a portion of a larger effort to develop and improve pulsed thermography 
for the detection and characterization of impact damage in uncoated and 
environmental-barrier-coated SiC/SiC composite materials. Research of 
impact damage in environmental-barrier-coated SiC/SiC composite materials 
with pulsed thermography is ongoing.

Cooling behavior for an impacted SiC/SiC sample with td representing the 
time of departure from the reference region, where the reference region rep-
resents an average 13- by 13-pixel area and the damaged region is a 1- by 
1-pixel region.
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Rotor health monitoring and online damage detection are increasingly 
gaining the interest of aircraft engine manufacturers. This is primar-
ily due to the need to improve safety during operation as well as to 
lower maintenance costs. Applied techniques for detecting damage 
in and monitoring the health of rotors are essential for engine safety, 
reliability, and life prediction. A few years ago, the United States set 
the ambitious goal of reducing the fatal accident rate for commercial 
aviation by 80 percent within 10 years (ref. 1). In turn, NASA, in col-
laboration with the Federal Aviation Administration and other federal 
agencies, universities, and airline and aircraft industries, responded 
by developing the Aviation Safety Program. The program provides 
research and technology products needed to help the aerospace 
industry improve aviation safety. Researchers within NASA Glenn 
Research Center’s Optical Instrumentation and Nondestructive Evalu-
ation Technology Branch are developing propulsion-system-specific 
technologies intended to detect damage prior to catastrophe under 
the propulsion health management task.

Sensors that locally “ride” on the rotor are deemed a necessary 
choice for sensitive, high-resolution structural health monitoring of 
turbine engines because of the limited resolution of vibration-based 
methodologies. One such system being developed utilizes either 
traditional ultrasonic transducers or robust piezoelectric patches for 
real-time, continuous monitoring of acoustic emissions in the hopes 
of recognizing damage prior to catastrophe. In order to implement 
such a system, concerns regarding broadband data transfer from 
the rotor (location of the sensor) to the stator (location of signal- 
processing equipment) need to be addressed. As a result, a new 
1-MHz broadband wireless slip ring was designed and fabricated at the NASA 
Glenn Research Center. The wireless communication between the rotor and 
the stator is accomplished through capacitive coupling. The antennas are 
fashioned as a ring-within-a-ring setup. In the current form, both the modula-
tor and the demodulator use a 3-V battery supply, although both can function 

Broadband, Capacitive-Based Wireless Slip Ring Designed and Fabricated 
for Application in Turbomachinery

Power spectrum input

Power spectrum output 
Output signal

Current-voltage input signal

Prototype wireless slip ring, showing modulator (top), 
wireless slip rings (center), and analog demodulator 
(bottom).

within the range of 2 to 7 V. Current 
draws at 3 V are 25 mA for the modulator 
and 10 mA for the demodulator. Future 
systems will aim to eliminate battery 
usage by power harvesting. Power har-
vesting converts ambient energy (such as 
normal structural vibrations and temper- 
ature gradients) into electrical power.

Tests were conducted at Glenn under 
static conditions in order to document 
the signal accuracy of the system after 
modulation and demodulation. Results 
showed that the wireless slip ring was 
able to accurately recreate the input 
signal, generated with a pulse-function 
generator, in the frequency range of 
approximately 375 Hz to 1 MHz. Suc-
cess was achieved for sinusoidal waves 
as well as square waves with amplitudes 
ranging from 50 mV to 1 V. The pre-
ceding figure shows the results for an 
800-kHz sine wave input. The next step 

Comparison of input and output signals.
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for verification tests involves subscale rotor tests, followed by further hardware 
refinements and finally full-scale tests in turbine engines.
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A quantum communications sys-
tem for the demonstration of optical 
communication at ultra-low-power 
levels was developed this year at the 
NASA Glenn Research Center. This 
system is meant as a precursor for 
a micro-optical transmitter that will 
work with microwatts or less of power. 
The experimental implementation 
of this architecture is shown sche-
matically in the figure. Here, the 
beam from a 351-nm (<150-mW) 
single-frequency argon-ion laser 
passes through two thin (0.69-mm), 
optically contacted, orthogonally 
aligned Type-I beta barium borate 
crystals to generate two beams 
of polarized entangled photons 
through spontaneous parametric 
down conversion. One of the beams 
then passes through a digital-logic- 
controllable liquid-crystal phase 
modulator set to act as a bistate half-
wave plate (0 or λ/2) that encodes 
information onto the beam via polar-
ization rotation, either horizontal H 
or vertical V. 

For the receiver, photon detec-
tors A and B are set to detect only 
H polarization photons, whereas 

Quantum Optical System Developed for Ultra-Low-Power Communications

Quantum optical communication system. Bit modulation coding: for state “0,” the coin-
cident (A,B) polarizing state is H1H2, with the liquid-crystal phase retarder (LCPR) set 
at zero; for state “1,” the coincident (A,C) polarizing state is V1V2, with LCPR set at λ/2. 
APD, avalanche photodiode.

MirrorIris

Mirror

150-mW
351-nm
Argon ion laser  

Polarizer A 
(90°)Detector A

(APD)

Data
encoding

Coincidence
circuit

 Receiver section
(everything in dashed box)               

Detector B
(APD)

Detector C
(APD)

Polarizing
beam splitter

LCPR 
(λ/2 to zero)              

Half wave 
(λ/2)

Type-1
2× barium borate

Ultraviolet 
thin-film polarizing
beam-splitter cube

Iris



NASA GLENN RESEARCH CENTER          46                                              2005 RESEARCH AND TECHNOLOGY

RESEARCH AND TECHNOLOGYRESEARCH AND TECHNOLOGY

detector C is set to detect only V polarization photons through the use of 
a polarizing filter and a polarizing beam splitter. Binary data modulate a 
variable-phase retarder, keeping the H and V photons intact under state “1” 
and changing the H photons into V and the V photons into H under state “0.” 
As a result, photon detectors A and B trigger H photon coincidences in coinci-
dence detector 1 when state “1” is transmitted, and detectors A and C trigger 
V photon coincidences in coincidence detector 2 when state “0” is transmitted. 
Decisions are made by comparing the number of coincidences per data bit 
from the two coincidence detectors. If the count from coincidence detector 1 
is greater than that for coincidence detector 2, the receiver records a “1”; if 
not, the receiver records a “0.” Accidental coincidences due to ambient light 
and unentangled photons from the laser source have been found to be much 
smaller than signal coincidences, affording reliable communications under 
very low signal-to-noise ratios. 

Through the use of quantum-entangled photons, we have shown that reliable 
communication is possible at remarkably low received-energy levels (on the 
order of 1 picojoule per bit in the presence of an overwhelming background 
light, resulting in exceptionally low optical signal-to-noise ratios. With this 
system, we have demonstrated communication with the coincident-photon 
count to single-photon count ratio at –26.6 dB.
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A nonintrusive optical point-wise measurement technique utilizing the principles 
of molecular Rayleigh scattering was developed at the NASA Glenn Research 
Center to obtain turbulent temperature fluctuation measurements in unseeded 
gas flows. This type of information is necessary for validating computational 

Molecular Rayleigh Scattering Technique Developed to Measure Temperature 
Fluctuations in Heated Gas Flows
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Rayleigh scattering spectrum.

fluid dynamics and computational aero-
acoustic codes. Dynamic temperature 
measurements allow the calculation of 
statistical quantities such as power spec-
tra and mean square fluctuations. These 
types of measurements are used for jet 
noise studies in which sound pressure 
fluctuations are correlated with tempera-
ture fluctuations to ascertain the sources 
of noise in free jet flows. 

Molecular Rayleigh scattering is the 
result of elastic light scattering from gas 
molecules. When light from a single-
frequency laser beam passes through 
a gas, the scattered light is shifted in 
frequency by the Doppler effect because 
of the bulk motion of the molecules. The 
optical frequency spectrum of Rayleigh-
scattered light contains information 
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about the gas density, bulk velocity, and temperature. The graph to the 
left shows a Rayleigh-scattering spectrum containing the narrow laser 
line and the broadened Rayleigh spectral peak. If the gas composi-
tion is known, the total intensity of the Rayleigh spectrum is directly 
proportional to the gas density. The frequency shift between the laser peak 
and the Rayleigh peak is proportional to the bulk flow velocity. The width of the 
spectral peak is broadened by thermal motion of the molecules and, hence, 
is related to gas temperature. A Fabry-Perot interferometer (see the next 
figure) operated in the static imaging mode is used to analyze the spectra of 
the laser light and the Rayleigh scattered light. The resulting circular fringe 
pattern contains spectral information about the light (see the final figure). 

A series of mirrors angled with respect to one another are used to divide the 
interference fringe pattern containing spectral information into four concen-
tric regions (see the final figure). Light from each of these regions is directed 
toward photomultiplier tubes and sampled at 10 kHz using photon-counting 
electronics. Monitoring the relative change in intensity within each region 
allows for measurement of the gas temperature. Independently monitor-
ing the total scattered intensity provides a measure of gas density. In addi-
tion, this technique has the potential to simultaneously measure a single 

Fabry-Perot interferometer; fC, collimating lens focal length; fL, 
fringe-forming lens focal length.
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Dissection of Fabry-Perot fringe pattern into 
four annular regions. PMT, photomultiplier tube.

component of flow velocity by monitoring 
the spectral peak location. Gas tempera-
ture and density were measured using a 
low-speed heated air jet surrounded by 
an unheated air coflow. 
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Particle image velocimetry (PIV) was successfully used to capture the evolu-
tion of steady and unsteady exhaust flows from test hardware operated within 
several facilities at the NASA Glenn Research Center. In the Small Hot Jet 
Acoustic Rig at Glenn’s AeroAcoustic Propulsion Laboratory, the flows from 
numerous exhaust nozzles equipped with chevrons, or serrated edges, which 

Particle Image Velocimetry Used Successfully to Nonintrusively Capture 
Novel Features of Steady and Unsteady Exhaust Flows
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are being investigated as passive jet-
noise-reduction devices, were examined 
to evaluate their mixing performance. In 
a test cell at Glenn’s Rocket Laboratory, 
the exhaust flows from a pulse detonation 

Mean velocity fields evaluated from stereoscopic PIV data at several measurement stations down-
stream of chevron nozzles. Left: Axial plane. Right: Cross plane.
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Ensemble-averaged exhaust flow fields measured at several phase-locked time steps during a PDE operating 
cycle. Top row: In-plane velocity vector fields overlaid onto contours of constant vorticity for direct exhaust from 
the PDE. Bottom row: In-plane velocity vector fields overlaid onto contours of constant vorticity for detonation-
driven ejector exhaust.
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Experimental arrangement and measurement regions of interest for planar PIV exhaust flow measurements along 
the centerline axial exhaust from the PDE and the detonation-driven ejector. Shown are velocity vector maps overlaid 
onto contours of constant velocity at several phase steps during engine operation. The flow is from left to right.
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engine (PDE) and an ejector coupled downstream of a PDE, being investigated 
as a noise-reduction and thrust-augmentation device for hybrid propulsion 
applications, were examined to evaluate their phase-averaged cyclic operat-
ing behavior. PIV is uniquely advantageous in these situations because of its 
ability to produce detailed and highly accurate complete flow-field exhaust 
velocity vector maps. In addition, the use of PIV significantly reduces facility 
test times over conventional measurement techniques incorporating intrusive 
diagnostic probes.

Stereoscopic PIV, having become a well-established technique for the 
measurement of the three components of velocity within a fluid plane, was 
successfully used to characterize the exhaust flow fields from a 
parametric test matrix of 16 chevron and 2 baseline circular 50.8-mm-diameter  
nozzles. During nozzle jet operation, acoustic mach numbers ranged from  
0.9 to 1.5 and static temperature ratios ranged from 0.84 to 2.7.Detailed  
surveys of the single jet flows were performed to capture three-dimensional 
features of the turbulent exhaust jet evolution. Cross-flow planar measure-
ments were obtained at 12 locations, ranging from 0.1 to 20 nozzle diameters 
d downstream of the nozzle exit planes. Streamwise measurements, along 
the jet centerlines, were obtained at 10 partially overlapping downstream 
locations, providing complete axial surveys over a region extending beyond 
20 nozzle diameters downstream of the nozzle exit planes. In both optical 
configurations, the measurement planes were sized to completely capture 
the fully turbulent jet shear layer growth. The measured three-dimensional 
mean and turbulent velocity fields, along with computed second-order sta-
tistics including axial vorticity and turbulent kinetic energy, were evaluated 
for all test points. Well-defined streamwise vortex structures in the jet shear 
layers were measured and documented.

An initial series of planar PIV measurements were successfully performed using 
the small detonation facility in Glenns’ Rocket Lab Test Cell 31 to provide quan-
titative insight into the mechanisms of thrust augmentation using PDE-coupled 
ejectors. The data are believed to be the first quantitative PIV measurements 
made on the exhaust flow field of an operational PDE and include the meas- 
urement of the driven exhaust flow out of an ejector placed downstream of 
the PDE. An examination of the planar PIV velocity data revealed the pres-
ence of a highly repeatable, strong emitted vortex with each firing (pulse) of 
the engine. The peak diameter of the vortex leaving the PDE is very nearly 
the same as the diameter of the ejector used in this study, which yielded 
the highest thrust augmentation measured in previous testing. This result is 
consistent with other unsteady thrust augmentation studies and confirms that 
the emitted vortex associated with all unsteady thrust augmentation devices 
plays a central role in the high levels of thrust augmentation observed. Con-
tinued analysis of the PIV data is in progress and is expected to provide a 
validation benchmark for computational solutions of PDE, PDE-driven ejector, 
and exhaust flow fields, as well as providing insights into determining optimal 
ejector configurations.
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Acoustography is a full-field ultrasonic imaging process where 
a high-resolution two-dimensional acousto-optic (AO) sensor 
based on liquid-crystal technology is employed to directly 
convert the ultrasound into a visual image in near real time. 
Unprocessed acoustography images typically suffer from non-
uniformity and a resulting lack of defect sharpness because 
of spatial variations in the optical brightness response of the 
acousto-optic sensor field to ultrasonic intensity. These limita-
tions can make acoustography image interpretation difficult, 
large field applications impractical, and use on samples with 
a wide range of attenuation difficult. In 2005, a new software 
methodology was developed and demonstrated to address 
these limitations.

Prior to developing methodologies, a custom acoustography 
system was developed jointly by the NASA Glenn Research 
Center and Santec Systems, Inc. The conventional acoustog-
raphy system was modified from its original implementation to 
include a National Instruments Signal Generator card to generate the swept 
sinusoid function, a National Instruments multifunction (NI PCI–6014) card 
having analog outputs to generate sine waves for AO sensor erasure, and 
an 8-bit monochrome digital camera capable of 60 frames/sec video capture. 
The original frame grabber and charge-coupled device (CCD) analog cam-
era were no longer needed and were removed. A radiofrequency amplifier 
amplifies the swept sinusoid wave from the signal generator card by approxi-
mately 30 dB before it reaches the transducer. An entirely new acoustography 
operating system was developed using LabVIEW 7.1 both to conduct these 
experiments and to operate the system for general inspection. This opera- 
ting system allows control of swept sinusoid voltage amplitude and sweep 

Approaches Demonstrated for Flaw-Detection Enhancement for 
Liquid-Crystal-Display-Based Ultrasonic Imaging 
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parameters, AO sensor erasure, camera 
frame captures per second, and camera 
gain. Data analysis, image analysis, 
and image processing software code 
was developed in LabVIEW 7.1 and the 
associated IMAQ Vision toolkit to imple-
ment the methodologies discussed in 
this study.

After system development, a custom 
algorithm was developed and tested at 
Glenn that shows promise for nonuni-
formity correction and flaw detection 
enhancement in acoustography images. 
It is based on the principles shown in the 
preceding figure. Note that a series of 
images develops as a function of time 
in the acoustography process. The algo-
rithm developed is based on a time ratio 
in which, for each pixel level, times are 
extracted for a specific brightness level 
with and without the part present, divided 
together, and converted to decibels so 
that each pixel can be assigned a “loss” 
value. Essentially, normalization is occur-
ring with respect to the underlying AO 
sensor portion at each pixel. This method 
is novel in that most ultrasonic (and non-
destructive evaluation results in general) 
use voltage or intensity ratios for decibel 

Acoustography images for the ceramic matrix composite sample with flat bot-
tom holes. Left: Conventional acoustography image without the sample. Center: 
Conventional acoustography image with the sample. Left: Average loss (decibels) 
image.

Nonuniformity and flaw-detection enhancement approach 
in brief. Black arrows demarcate the two threshold optical 
brightness levels. The image on the right shows results for a 
plexiglass sample with a seeded defect. Twp, time with part 
present; Two, time without part present.
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assignment (which also was considered in this study). Overall, the custom 
algorithm is speedier than working with voltage ratios. The right side of the top 
figure on the preceding page shows the results of experiments performed using 
a plexiglass sample with seeded defect. The loss image shows the seeded 
defect extremely clearly and appears to have been successful at removing 
some of the noise pattern at the bottom center of the original brightness- 
versus-time images.

Next, the same approach was applied for a ceramic matrix composite sample 
with seeded defects and the final result is shown as the average loss (deci-
bels) in the bottom left image on the preceding page. In comparison to the 
center image (unprocessed acoustography image), the defects are somewhat 
enhanced.
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The NASA Aviation Safety and Security Program has identified false fire 
alarms as one of the national problems hindering safe expansion of the U.S. 
air transportation system. Federal Aviation Administration (FAA) surveys of 
air carriers found that, for fire-detection systems in remote cargo compart-
ments, there were 100 to 200 false alarms for every warning of an actual 
fire. False alarms negatively impact safety by causing aircrews and air traffic 
controllers to needlessly employ emergency fire-mitigation procedures and 
priority landings on the nearest suitable airfield. Unnecessary emergency pro-
cedures compromise the air traffic management system. Flight safety is also 

False Alarms Reduced With New Fire Detection System 

Tin oxide microsensor used for fire detection.

affected because aircrews subjected to 
repeated false alarms may be less likely 
to quickly and aggressively respond to a 
warning of an actual fire. To address this 
problem, a team led by the NASA Glenn 
Research Center developed microelec-
tromechanical systems- (MEMS-) based 
sensor technology for aircraft cargo 
compartment fire detection. This task 
produced a new commercial product, the 
Multi-Parameter, MicroSensor-Based 
Low False Alarm Fire Detection Sys-
tem (MMFDS), which was given a 2005 
R&D 100 Award as one of the 100 most 
significant inventions of the year.

The Glenn-led team, which included 
Makel Engineering, Case Western 
Reserve University, and The Ohio State 
University, departed from the standard 
fire-detection approach of sensing only 
for the presence of smoke particu-
lates. With these particulate detection 
approaches, the presence of dust or 
condensation aerosols can give a false 
indication of a fire. Instead, the team 
developed micromultisensor suites to 
detect the increase in multiple types of 
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gas species that are emitted by fire at its onset, such as carbon monoxide and 
carbon dioxide. The fundamental detection approach is to use “orthogonal” 
sensor technology: different types of sensor systems, which provide different 
information on the environment, combine so that crew and controllers can 
better understand the overall condition. This task involves 
(1) Measuring multiple parameters associated with a fire, such as smoke  

 in combination with multiple chemical species
(2) Developing fire product sensors (chemical and particulate) that are pre- 

  dominately micro- or nano-based to allow multiple sensors to be integrated 
 into a compact array of reduced size, weight, and power consumption

(3) Advanced processing and control software, forming a “smart” detection  
 system with corresponding fire event modeling

Complete system tests conducted at the FAA’s Testing Facility successfully 
demonstrated this approach. Fires were set in the cargo bay of a ground-
based, instrumented Boeing 707; the MMFDS was mounted alongside of 
a standard commercial system, and the responses of both systems were 
monitored. The FAA chose this test procedure to check both false alarm vul-
nerability and fire-detection capability. The results were significant. Over a 
series of exposures to dust and humidity, the MMFDS had a zero false alarm 
rate, whereas the commercial system had a 100-percent false alarm rate. 
Over the entire fire test series, the MMFDS sensed the onset of an actual 
fire as well as the conventional detector, if not better, and within the stan-
dard FAA requirement of fire detection within 1 min. The test demonstrated 
the complete elimination of false alarms with the newly developed hardware 
and software system. The new commercial product is now available for fire 
detection with low false detection.

Fire testing In cargo bay of FAA Boeing 707.
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NASA Glenn Research Center engineers, in collaboration with 
Sest, Inc., and the Ohio Aerospace Institute (OAI), have devel-
oped a greatly improved diagnostic tool to evaluate and verify the 
operation and calibration of scanning probe microscopy (SPM) 
instruments used for measuring nanoscale objects, meeting a 
vitally important need for the nanotechnology field that is expected 
to grow dramatically over the next decade. The Nanometer Step 
Height Standard is a calibration standard chip made of single- 
crystal silicon carbide (SiC). The small SiC chip (seen on the 
fingertip in the photograph) contains an array of over 100 step 
pyramids like those shown in the highly magnified atomic force 
microscope image of the photograph inset. Each side of the 
nanoscale step pyramid features regularly spaced steps nearly 
1-μm apart, with atomically flat terraces between step risers of 
either 0.5 or 1.0 nm in height, as chosen during fabrication. These 
step heights are around 10 times smaller than those of previous 
standards for SPM instrument calibration. The height of the steps is 
directly linked to the atomic spacing of the atoms in the SiC crystal 
structure, which is a well-known physical constant. Therefore, unlike 
previous standards, the SiC Nanometer Step Height Standards 
do not have the expensive and time-consuming requirement to 
be individually calibrated and certified by the National Institute of 
Standards and Technology (NIST). 

The nanoscale step structures are produced on the top surfaces of commercial 
SiC wafers using conventional microelectronics photolithographic pattern- 
ing and reactive ion etching processes, followed by high-temperature 
(>1000 °C) SiC epitaxial growth and etching pioneered by the Glenn research 
team. This process enables hundreds of calibration step structures to be mass-
produced on a single SiC wafer, which should greatly increase the availability 
and affordability of precision SPM calibration for microtechnologies and nano-
technologies worldwide. 

Find out more about silicon carbide electronics at Glenn: 
http://www.grc.nasa.gov/WWW/SiC 
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Nanometer Step Height Standard Chip Developed for Calibration of 
Scanning Probe Microscopy Instruments

Nanometer Step Height Standard artifact chip developed 
to enable greatly improved calibration of scanning probe 
microscopy instruments. The small SiC chip (seen on the 
fingertip) contains an array of over 100 step pyramids 
(like those shown in the highly magnified atomic force 
microscope image inset) with highly repeatable 1.0-nm 
height steps produced by high-temperature growth and 
etching of SiC mesas.
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A high-temperature silicon carbide (SiC) semiconductor transistor 
was fabricated, packaged, and electrically operated continuously 
at 500 °C for over 2000 hr in an air ambient. For the first 500 hr of 
electrical operation, less than 10-percent change in operational 
transistor parameters was observed. This is the first semiconductor 
transistor to demonstrate continuous electrical operation in such 
a harsh high-temperature oxidizing air environment with excellent 
stability over such an extended period of time. This demonstra-
tion of 500 °C transistor durability represents an important step 
toward significantly expanding the operational envelope of sen-
sor signal processing electronics for harsh environments such 
as the high-temperature regions of combustion engines and the 
surface of Venus.

The emergence of wide bandgap semiconductors, including SiC, 
diamond, and gallium nitride (GaN), has enabled short-term elec-
trical device demonstrations at ambient temperatures from 500 
to 650 °C, well beyond the reach of the silicon semiconductor 
material that is used to manufacture today’s computer and communication 
electronics. However, wide bandgap transistors had not previously demon-
strated sufficient long-term durability when electronically operated at these 
high temperatures to be considered viable for most envisioned applications. 
This was especially true when the transistors were tested in air ambient, 

Packaged SiC Transistor Operated at 500 °C for 2000 hr in 
Oxidizing Air Ambient
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which chemically attacks, oxidizes, and 
degrades the electrical ability of metal-
semiconductor contacts to carry electrical 
signals in and out of the semiconductor. 
Therefore, this new SiC transistor fabri- 
cation process, which enabled durability 
in air, featured multiple levels of high- 
temperature metal and dielectric pas- 
sivation to prevent contamination 
(particularly oxygen) from reaching 
electrically sensitive interfaces. 

The transistor was a metal-semiconduc-
tor field effect transistor (MESFET) fabri-
cated on a 6H-SiC wafer, identical to the 
device shown in the photomicrograph. 
A thick-film metallization-based ceramic 
package with conductive die-attach 
material and gold wire bonds facilitated 
long-term testing under electrical bias 
at 500 °C. The graph shows the tran-
sistor current-voltage characteristics at 
the start of the test and after 558 hr of 
continuous electrical operation in air at 
500 °C. The small change observed in the 
transistor characteristics is due to increas-
ing leakage current from the metal- 
semiconductor gate terminal as anneal 
time increased. This gradual degrada-
tion mechanism could be eliminated by 
a modification to the design of the gate to 

Operational transistor drain current versus drain voltage characteris-
tics of SiC field effect at 500 °C. Applied gate voltage is indicated in 
–2-V steps. Substrate bias voltage, Vsub, –20 V.

Scanning electron micrograph of SiC metal- 
semiconductor field effect transistor structure. The 
large lighter regions are the metal contacts.
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the SiC transistor. The remaining electrical contacts and packaging continued 
to operate successfully without observable electrical degradation for the full 
duration of the 500 °C test, which exceeded 2000 hr. 
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The International Space Station (ISS) Program depends on models to predict 
battery performance. It is critical that predictions are accurate because only 
simulations can determine if planned operations will maintain sufficient energy 
in the batteries. Extensive ground-based testing has provided a database of 
battery pack performance as a function of temperature, depth of discharge, and 
charge-control methodology. Battery voltage is then calculated from current, 
temperature, age, and depth of discharge. This model has been continuously 
improved, making use of additional battery data and modeling of cycle life 
versus depth of discharge. This technique has proven capable of predicting 
performance, but it does not allow for insight into electrochemical processes. 
For this reason, Glenn researchers, along with a University of Akron team, 
investigated a first-principles model: one based on the fundamental laws of 
physics that govern the behavior of electrochemical batteries.

A NASA grant was awarded to a University of Akron team, led by Dr. Tom 
T. Hartley, to develop a fractional calculus approach to dynamically model 
nickel-hydrogen battery cells on the basis of charge-discharge cycle data. 
The model used a real-time observer structure to determine instantaneous 
damage from life-cycle data and to establish an optimal charging profile to 
minimize damage. 

First-Principles-Based Battery Model Investigated for the 
International Space Station

POWER AND ELECTRIC PROPULSION

A control system with a real-time observer 
for an electrochemical cell incorporates a 
hybrid model into a microprocessor-based 
simulation and is automated to track 
parameters as a battery changes during 
its lifetime. In addition, the algorithm can 
correct the initial parameters provided to 
the real-time observer, thereby effectively 
“learning” the battery system. Measured 
variables from an actual battery are input 
to the microprocessor simulation to force 
the dynamic states of the real-time bat-
tery observer (simulation) to converge 
to the corresponding states in the actual 
battery. The feedback is crucial since the 
actual system is highly nonlinear and the 
dynamic states represent a collection of 
many actual states. The observer can 
be used as part of the general decision-
making process. If the observer predicts 

Advanced control system using an advanced real-time observer.
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that certain dynamic states have  
exceeded the nominal values, the 
higher level of intelligence can deter- 
mine if the actual system has become 
damaged in some way. The advanced 
controller uses the data provided by the 
real-time observer to maintain battery 
performance as the parameters change 
with time. This requires a continuous 
change of controller gains as the effects 
of physical changes in the battery are 
updated by the advanced real-time 
observer.

Faraday’s Law and variations of the 
Butler-Volmer equation enabled the 
modeling of stored charge, diffusing 
charge, and electrode voltage. The 
model was enhanced using on-orbit ISS 
reconditioning data because the bat-
tery started out fully discharged, which 
allowed the model to encompass behav-
ior over the entire operating range. Last, 
battery current and state-of-charge were 
used as input to verify the model against 
normal ISS cycling telemetry (ref. 1). 
Results showed that this first-principles-
based model predicted voltage with an 
accuracy similar to that of the data-based 
model in use today. 
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In addition, modeling different resistances in charge and discharge improved 
predictions. However, modeling the batteries at the individual cell level or at 
the half battery level did not improve voltage predictions markedly in compari-
son to modeling the ISS battery as a whole. Model accuracy is affected by 
insight into battery characteristics, such as ampere-hour capacity, which can 
only be measured by performing reconditioning. This dedicated test requires 
a battery to be temporarily taken offline and discharged.

Although the nickel-hydrogen battery has been considered to be the industry 
standard for low-Earth-orbit missions, lithium-ion battery technology with its 
improved energy density has been baselined on recent missions. Lithium-
ion cell testing is being used to evaluate the effects of temperature, end-
of-charge voltage, and depth of discharge on the performance of this new 
battery chemistry. The lithium-ion database will provide input to the advanced 
control system custom tailored with the lithium-ion model parameters for cell 
chemistry, cell-to-cell balancing, dynamics, and damage modeling. As test 
batteries succumb to failures, the control system can be tuned to assist in 
extending the charge/discharge cycle life. A follow-on program is planned to 
validate the benefits of this damage-control methodology on battery perfor-
mance and life.
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A new, state-of-the-art fuel cell test and evaluation facility came online in 
2005 (see the photograph). This unique NASA facility was designed from its 
inception to safely and efficiently evaluate fuel cells, electrolyzers, ancillary 
components, fuel cell subsystems, and powerplants. The facility can enable 
long-term, uninterrupted testing of components and systems under a variety 

Glenn’s Fuel Cell Test Laboratory Became Operational

Fuel Cell Test Laboratory at Glenn.

of test conditions and mission power 
profiles. Robustness of system design, 
component degradation modes, failure 
characteristics, operational sensitivity, 
and life can be evaluated.

The facility comprises three separate test 
cells. Each test cell is currently configured 
to evaluate hydrogen/air or hydrogen/
oxygen fuel cell systems up to a power 
rating of 25 kW and has been designed 
to safely operate entirely independent of 
the others. Higher power levels and alter-
nate fuels can easily be accommodated 
via facility modifications. 

Inside the Fuel Cell Test Laboratory, 
two control rooms are used for reactant 
control, product water handling, system 
purging, powerplant operation, and data 
acquisition. The three test cells can be 
controlled and configured from either 
control room, enabling the isolation of 
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sensitive or proprietary testing. Functions pertaining to safe reactant handling 
are controlled through the use of hardwired programmable logic controllers. 
This control architecture was chosen to avoid failures as a result of software 
or computer failures. Each test cell is equipped with hydrogen, high oxygen, 
low oxygen, and thermal sensors to monitor potential safety hazards. Data 
from these sensors are sent to the facility programmable logic controller for 
automated cell shutdown in the event that hazardous levels are detected. The 
sensor output is also connected to a Lab-wide monitoring system to allow 
for quick response during unattended operation. Video cameras are used to 
record routine testing as well as to capture any anomalous events. Program-
mable electronic loads are used to evaluate the power-producing capabili-
ties of the stack, subsystem, or powerplant under test. These loads can be 
programmed to apply simulated mission power profiles in controlled current, 
voltage, or resistance modes. 

The Fuel Cell Test Laboratory has the infrastructure to monitor individual cell 
voltages, stack voltages, currents, power, reactant pressures, reactant flow 
rates, and temperatures to enable total characterization of the test article. 
There are two facility data-acquisition systems, both of which are connected to 
the facility Ethernet backbone. The primary data-acquisition system is based 
on the National Instruments FieldPoint input-output system. The FieldPoint 
system is a modular, distributed system that easily enables configuration 
changes to match the data-acquisition requirements of the research articles 
under test without extensive rewiring. The facility also contains an eight-
channel, high-speed data-acquisition system that can collect data at a rate 
of 200 kHz. This system enables the evaluation of powerplant performance, 
design, and response with respect to transient events such as rapid changes 
in power demand. 

The extensive current and future capabili-
ties of Glenn’s Fuel Cell Test Laboratory 
enable efficient development and evalu-
ation of fuel-cell-based powerplants for 
NASA’s current and future exploration 
and aeronautics missions.

Find out more about Glenn’s 
Electrochemistry Branch:
http://www.grc.nasa.gov/WWW/ 
Electrochemistry/
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A 28-V, 25-A-hr lithium-ion (Li-ion) battery that was designed, built, 
and flight-qualified for the 2001 Mars Surveyor Program Lander is 
being tested at the NASA Glenn Research Center at 0 °C in a low-
Earth-orbit cycle (LEO) regime. In 2005, a milestone was achieved 
when the battery passed 10,000 cycles. This testing is part of a 
coordinated test program among several organizations to evaluate 
the performance of Li-ion batteries under a variety of aerospace 
mission profiles. Five flight-qualified batteries became available 
for evaluation upon the cancellation of the 2001 Mars Surveyor 
Program mission. Since then, the batteries have undergone test-
ing in various LEO, geosynchronous orbit, and planetary mission 
profile regimes. Organizations participating in the evaluations 
include the NASA Jet Propulsion Laboratory, the Naval Research 
Laboratory, the Air Force Research Laboratory, and Glenn. 

The battery contains eight prismatic Li-ion cells connected in series 
(see the photograph). The cells contain a liquid organic electrolyte, 

Life-Cycle Testing of Mars Surveyor Program Lander Lithium-Ion Battery 
Achieved Over 10,000 Low-Earth-Orbit Cycles

FuseFuse

ThermocouplesThermocouples Cell 8

Cell 1

Mars Surveyor Program Lander Battery in the test chamber.
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a mesocarbon microbead anode, and a lithium nickel cobalt oxide (LiNiCoO2) 
cathode. The battery does not contain charge-balancing electronics.

Glenn’s test program began with characterization of the battery to measure 
baseline performance followed by LEO life-cycle testing at 0 °C, which is 
ongoing. The LEO test profile consists of a 90-min orbit with a 55-min charge 
period and a 35-min discharge period during which the battery is discharged 
to 40-percent depth-of-discharge (DOD). Characterization tests are conducted 
at 1000-cycle intervals. Thus far, cell balancing, which is performed when 
the individual cell voltages diverge beyond a predetermined value, has been 
required only once during the life test, after 7000 cycles. 

The battery continues to display excellent performance during its cycling. 
Some performance metrics are given here, including capacity, end-of- 
discharge voltage (EODV), efficiency, and specific energy.

Baseline capacity at 100-percent DOD was 25.7 A-hr. At 10,000 cycles, the 
100-percent DOD capacity measured 24.2 A-hr, which represents 94 per-
cent of the baseline. The EODV has decreased from an initial 27.95 V at the 
beginning of LEO cycling to 27.28 V after 10,000 LEO cycles (see the graph). 
A linear trend projection of the performance would predict a battery EODV 
of approximately 26.3 V at the 5-yr, 30,000-cycle point, which is well above 
the 24-V minimum battery-voltage level. However, the electrochemical proc- 
esses that contribute to battery aging have not been accurately modeled in 
this simple projection. 

Li-ion battery chemistries typically display excellent efficiencies. For this bat-
tery, coulombic efficiency is consistently 100 percent throughout LEO cycling. 
Energy efficiency is between 90 and 93 percent during LEO cycling. 

The battery can deliver an average specific energy of 76 W-hr/kg at 100- 
percent DOD and 32 W-hr/kg during LEO cycling. The specific energy for the 
battery was calculated using the mass of the entire flight battery assembly, 
including the cell stack, battery wiring, deck plate, and connectors. In order to 
meet mission requirements, the Mars lander battery was fortified with robust 
construction designed to tolerate the impact it would sustain during its land-
ing on the surface of Mars. 

Li-ion batteries are excellent candidates 
to provide power and energy storage for 
satellites in LEO due to their high specific 
energy, high energy density, and high 
efficiency. Although Li-ion batteries are 
increasingly being used for aerospace 
missions in geosynchronous orbit, some 
challenges still remain before they can 
be deemed a suitable replacement for 
their secondary alkaline battery counter-
parts in long-cycle-life LEO applications. 
Life-cycle test data of Li-ion batteries are 
critical to establishing confidence in Li-ion 
battery technology for widespread use in 
manned and unmanned missions. 
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This year, NASA Glenn Research Center’s Flywheel Development Team 
experimentally demonstrated the Integrated Power and Attitude Control 
System, a full-power, high-speed, two-flywheel system, simultaneously 
regulating a power bus and providing a commanded output torque. Operation- 
and power-mode transitions were demonstrated up to 2000 W in charge and 
1100 W in discharge, while the output torque was simultaneously regulated 
between 0.8 N-m. 

The G2 and D1 flywheels—magnetically levitated carbon-fiber wheels with 
permanent magnet motors—were used for the experiment. The units were 
mounted on an air-bearing table in Glenn’s High Energy Flywheel Facility, and 
the operational speed range was between 20,000 and 60,000 rpm. The bus 
voltage was regulated at 125 V during charge and discharge, and charge- 
discharge and discharge-charge transitions were demonstrated by changing 
the amount of power that the power supply provided between 300 and 0 watts. 
In a satellite system, this would be the equivalent of changing the amount of 
energy that the solar array provides to the spacecraft. In addition to regulating 
the bus voltage, we simultaneously controlled the net torque produced by the 
two flywheel modules. Both modules were mounted on an air table that was 
restrained by a load cell. The load cell measured the force on the table, and 
the torque produced by the two flywheels on the table could be calculated 
from that measurement, yielding net torques from –0.8 to 0.8 N-m. This was 
the first Glenn demonstration of the Integrated Power and Attitude Control 
System at high power levels and speeds.

Flywheel Integrated Power and Attitude Control System Demonstrated

Flywheels have advantages over other 
energy storage systems for missions that 
require high power, long life, or broad 
operating temperature range. System 
studies have quantified the benefits of 
flywheels for applications like the Inter-
national Space Station, the Momentum 
Exchange Tether Program, and lunar 
deployment.

Find out more about Glenn’s research: 

Aerospace flywheel development:
http://space-power.grc.nasa.gov/ppo/ 
projects/flywheel/ 
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D1 and G2 flywheel module in High Energy Flywheel Facility.
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Hall thruster propulsion systems are a classification of electric propulsion 
devices that have historically been used to perform stationkeeping functions 
on communication satellites (ref. 1). A 4.5 kW propulsion system that can 
efficiently perform orbit insertion in addition to stationkeeping is currently 
being developed in the commercial sector (ref. 2), and NASA is developing 
relatively low-power Hall thruster technology that is optimized for space sci-
ence missions (refs. 3 and 4). In addition, the NASA Glenn Research Center 
was selected by the Exploration Systems Mission Directorate to design and 
experimentally demonstrate Hall thruster technology at power levels up to 
150 kW. Solar electric transfer vehicles utilizing high-power Hall thruster tech-
nology can be used to deliver cargo for lunar missions (ref. 5) and human 
Mars missions (ref. 6).

During fiscal year 2005, Glenn completed an in-house design of a 150-kW Hall 
thruster, designated the NASA–1000M. The NASA–1000M was designed to 
operate at a discharge voltage of 600 V and a discharge current of 250 A. At 
this nominal operating point, the thruster is expected to produce 6.0 N of thrust 
and to operate with 2800-sec specific impulse. A solid model rendering of the 
thruster design is depicted in the figure. A lower power NASA Hall thruster 
nominally designed to operate at 5 kW is also shown for scale. A design for 
a laboratory model hollow cathode assembly also was completed.

High-Power Hall Thruster Designed for Exploration Applications

Solid models. Left: 150-kW NASA–1000M Hall thruster. Right: 5-kW NASA–173M 
Hall thruster.
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To address the future needs and requirements of NASA’s Pulsed Plasma 
Thruster (PPT) research and development program and of Small Business 
Innovation Research phase I and II contracts, Face Electronics, LC (Nor-
folk, VA) is addressing the miniaturization and life extension of current PPT 
circuits by developing a new discharge initiation module in which the heavy, 
bulky, and electromagnetic-interference-noisy step-up magnetic transformer 
is replaced by a lower profile, smaller footprint, higher power density piezo-
electric transformer. 

Taking as a reference the design specifications of the recent PPT develop-
ments for the Earth Observing-1 experimental satellite (EO–1) launched in 
November 2000, Face implemented a novel ultracompact discharge initia-
tion (DI) circuit that reduces the volume of the reference DI circuit used in 
the EO–1 satellite to one-third. The complete prototype of the system (called 
IGNIT–SONER) was tested in May 2005 at NASA Glenn Research Center’s 
facilities. IGNIT–SONER accumulated over 50,000 cycles under full-vacuum 
conditions (10–6 to 10–7 torr) while operating a PPT model, and it accumulated 
over 500,000 accumulated cycles under atmospheric lab conditions under 
maximum firing rates of 5 Hz. 

The research program included dif-
ferent levels of technology innovation 
and technology integration from the 
development of a novel piezoelectric 
transformer design to meet the project 
specifications to the integration of all 
the associated electronics to completely 
operate the discharge initiation systems 
within a PPT unit. Face readapted its 
basic patented Transoner technology to 
provide a transformer able to meet the 
project requirements. The developed 
transformer is an isolated PPT hav-
ing over 3-kV input-to-output isolation 
and able to step up the input voltage 
to over 2.5 kV. A major feature of the 
piezoelectric transformer design is the 
5-mm profile, which in combination with 
surface-mounted components, allows a 
very compact DI circuitry. 

During phase II project development, 
Face Electronics successfully addressed 
several design challenges encountered 
when operating semiconductor spark 
plugs. The much lower impedance when 
using these spark plugs under vacuum 
conditions in comparison to using air-gap 
spark plugs demanded the modification 
of the piezoelectric transformer design 
and the operation strategy. Face over-
came these problems by implementing 
a novel piezoelectric-to-capacitive- 
discharge circuit.

In an advanced design being imple-
mented, Face intends to provide a 
self-adjusted mechanism so that the 
breakdown voltage of the spark plug can 
be tuned according to the real require-
ments of the spark plug. Face expects 
that this mechanism will extend the life 
operation of PPT systems by gradually 
increasing the driving voltage to the spark 
plug as soon as wear and ignition failure 
are detected. Currently, PPT life is lim-
ited mainly by the spark-plug degrada-
tion and the incapability of DI circuits to 
provide the required increase in voltage 
to continue the operation.

Piezoelectric Ignition Systems Demonstrated for Spacecraft 
Propulsion Applications

Latest version of the discharge initiation circuit, the IGNIT–SONER, which uses a 
piezoelectric transformer to generate high voltage. The prototype measures 2.6 by 
2.6 by 0.55 in. (3.70 in.3). IGBT, insulated gate bipolar transistor.
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Different versions of the Transoner piezoelectric transformers developed for this 
project by Face.

This promising technology will be useful in a variety of spacecraft applications. 
The performance achieved promotes consideration of piezoelectric technol-
ogy not only for piezoelectric igniter applications but also as a replacement 
for the main transformer in a PPT system. In addition, the technology may be 
adaptable for other onboard propulsion applications requiring high-voltage 
generation. Piezoelectric devices are receiving growing interest as replace-
ments for magnetic transformers in a wide range of consumer electronics 
applications. 

Piezoelectric-capacitive discharge concept with a storage capacitor connected across the input voltage source. 
D1 and D2, discharge initiation circuits; IGBT, insulated gate bipolar transistor.
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Gridded ion propulsion technology holds great promise for enabling future 
robotic exploration missions with large delta-v requirements. Such missions 
are made possible by the high-specific-impulse capability of gridded ion thrust-
ers. However, such missions will require that the engines operate continuously 
for up to 10 years! Thruster lifetime definition, improvement, and validation 
are, therefore, very important. Microwave plasma production, in contrast to 
conventional hollow-cathode-based ion-thruster-discharge plasma produc-
tion, can literally eliminate the discharge cathode failure mechanism. Because 
microwave electron cyclotron resonance (ECR) plasma production is electrode- 
less, there is nothing to wear out. In addition, the microwave power source 
itself has a lifetime measured in hundreds of thousands of hours. 

High-power ECR plasma production research conducted at the NASA Glenn 
Research Center has culminated in the design and testing of a large-area 
(90- by 40-cm) plasma source. The source has been operated up to 2000 W 
at a frequency of 2.45 GHz and 2500 W at a microwave frequency of 5.85 
GHz. Beam extraction at 2.45 GHz at powers up to 16 kW also has been 
demonstrated with this flexible device. 

Recently, a series of plasma measurements were conducted on the ECR 
plasma source. Plasma uniformity at the exit plane of the source along the 
thruster center was measured to be greater than 90 percent. Transverse uni-
formity was also greater than 90 percent. Current densities measured at the 
exit plane suggest that the source can satisfy the beam current requirements 
originally laid out in the 2002 NASA announcement calling for the develop-
ment of a high-power, high-specific-impulse electric propulsion system. Low 
measured plasma potentials and the absence of doubly charged xenon, as 
indicated by emission spectra, suggest a long-life plasma source. The ECR 
plasma source effort establishes a credible path for the resolution of a key 
ion thruster failure mode, cathode life. The effort, therefore, establishes a firm 
base for continued growth and technology readiness level advancement. 

In addition, Glenn won a NASA Research Announcement award to develop 
an electrodeless cathode for charge neutralization under the support of the 
Advanced Systems and Technology Program of the Prometheus Nuclear 

Systems and Technologies project. 
In an ECR cathode, whenever the 
microwave frequency is tuned to the 
electron-cyclotron-frequency (by apply-
ing suitable magnetic field strength), 
electrons can be resonantly excited and, 
thereby, given sufficient energy to cause 
ionization within a low-pressure gas. Dur-
ing phase I of the three-phase effort, a 
number of ECR cathode configurations 
were designed and fabricated and their 
performance was evaluated. Tests were 
performed using different microwave-
injection schemes (i.e., different antenna 
types), different ECR cathode chamber 
configurations, various magnetic field 
circuits, and various propellants. 

At the conclusion of the phase I effort, two 
competing ECR cathode configurations 
were successfully operated. An ECR 
cathode with a longitudinal antenna was 
operated at 2.45 GHz and generated an 
electron current of 2.6 A with a xenon flow 
rate of 3 standard cubic centimeters per 
minute (SCCM) while consuming only 
100 W of microwave power. In addition, 
a multislot ECR cathode operated at 
5.85 GHz generated an electron cur-
rent of 1.8 A with a xenon flow rate of 
4 SCCM while consuming only 100 W 
of microwave power. 

Microwave Discharge and Neutralization Plasma Production Developed as an 
Alternative to Direct-Current Hollow Cathode Plasmas for Ion Propulsion

Microwave ECR ion thruster microwave thruster. Left: Discharge-only testing. Right: Beam-extraction testing. 
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ECR cathode operating at 100 W. 

During 2005, researchers at the NASA Glenn Research Center 
successfully developed a new Hall thruster that could make it easier 
and more cost effective to explore our solar system. The test involved 
a Hall thruster built under the High Voltage Hall Accelerator (HIVHAC) 
project. The HIVHAC thruster was designed and fabricated over the 
last year by a team from Glenn and the Aerojet Corporation (Redmond, 
WA) to operate efficiently over a wide range of input power levels. 

The HIVHAC thruster was demonstrated in a vacuum chamber at 
Glenn that simulates the environment of space. The thruster operated 
successfully with input powers between 200 and 2900 W at specific 
impulses (a measure of propellant fuel economy) between 1000 and 
2800 sec. Operation over this wide range of input powers will allow 
spacecraft to continue thrusting in space far from the Sun, where 
there is little solar power available to be absorbed by a spacecraft’s 
solar arrays. Operation over this range of specific impulse will allow 
spacecraft to reach distant destinations utilizing much less propellant 
than required by chemical propulsion alternatives. 

The advantage of Hall thruster propulsion for future solar system 
exploration over other types of advanced electric propulsion is the 
potential for much lower cost. Reducing the cost of using electric 

Hall Thruster Developed for Robotic Science Missions

Prototype high-voltage Hall accelerator developed by 
Glenn and Aerojet. 
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propulsion improves its applicability to cost-capped solar system exploration 
missions such as those conducted through the Discovery, New Frontiers, and 
Mars Scout programs. Successful development of the Hall thruster required 
for these missions through the HIVHAC project will lead to the development 
of a full-scale propulsion system based on this technology.
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In 2005, NASA’s Project Prometheus continued comprehensive efforts to 
develop advanced technologies for space use. One key to these efforts was 
the development of electric propulsion technologies that would enable new 
missions, particularly when combined with power generated by a space 
nuclear reactor (ref. 1). This year, spacecraft requirements were finalized, ion 
thrusters were tested, and power-processing and control units were chosen 
for the 200-kW design.

The mission attributes that would be enabled by these technologies include 
more sophisticated active/passive remote sensing, greater launch window 
flexibility, spacecraft maneuverability at the destination planet or moon, and 
greatly increased science data rates. The first proposed mission application, 
the Jupiter Icy Moons Orbiter mission, focused on a 200-kW Prometheus 1 
Spaceship utilizing electric propulsion, as shown in the illustration.

The proposed mission had two principle objectives: 
(1) Tour and characterize three icy moons of Jupiter: Callisto, 

 Ganymede, and Europa. 
(2) Demonstrate nuclear electric propulsion flight system tech- 

 nologies that would enable a range of revolutionary planetary 
  and solar system missions.

Specific requirements for the Prometheus 1 Spaceship were 
finalized in July 2005. The requirements were based on Pro-
metheus 1 design team tradeoff analyses, including mission 
studies to optimize the propulsion parameters. The key driv-
ing requirements resulted in the following implementation: six 
30-kW ion thrusters (2000-kg xenon throughput), each with 
a nominal thrust of 0.65 N at 7000-sec specific impulse; six 
20-kW Hall thrusters, each with a nominal thrust of 1.0 N (in 
combination with two ion thrusters, each with a nominal thrust 
of 0.65 N); a power processor that is more than 96.5-percent 
efficient and that can operate in radiation levels greater than 
5 Mrad; and a single 12,000-kg-capacity, carbon-overwrapped 
supercritical xenon tank.

The main challenge for the ion thrusters 
was the qualification of the engine and 
components in the electric propulsion 
system for the >2000-kg xenon through-
put requirements of the mission (~10 
times the state of the art). The basic wear 
test methodology was to perform com-
ponent and full-scale tests followed by 
post-test evaluation. Resulting data were 
to be used to develop and refine analytical 
models that could more accurately pro-
ject for the Prometheus 1 lifetime. Two 
of these early wear tests were completed 
this year: precursor ion thruster 2000-hr 

Electric Propulsion Technology Developed for Prometheus 1

Spacecraft concept proposed for the Jupiter Icy Moons 
Orbiter. 
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wear tests using the High Power Electric Propulsion (HiPEP) and Nuclear 
Electric Xenon Ion System (NEXIS) thrusters (refs. 2 to 8).

Work began on designing direct-drive power processing and control (PP&C) 
units that would provide the required conditioned power to the thrusters for 
the 200-kW-class nuclear electric propulsion system. These units would oper-
ate from a three-phase ac1 power bus operating at 400 V and would process 
30 kW each at 5000 Vdc to operate the ion thruster. Tradeoff studies dem-
onstrated that this was a viable approach that had several advantages over 
state-of-the-art dc-to-dc2 converter technology, including simplicity, higher 
efficiency, and inherent radiation resistance. The beam and accelerator sup-
plies were to be integrated with the discharge, neutralizer, and heater supplies 
to complete the breadboard PP&C unit (ref. 9).

On the basis of these recent efforts, Hall thruster technology for both the 
large and small Hall thruster elements was deemed sufficiently mature to 
proceed directly to the preliminary design phase as soon as a small radia-
tion compatibility effort was completed (ref. 10). Although the Prometheus 1 
program has since been cancelled, the technology advances made in this 
work will be of great benefit to NASA in future exploration missions using 
electric propulsion. 
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Vibration testing was conducted on an operating closed-cycle Brayton power-
conversion unit (BPCU) located at the NASA Glenn Research Center. Results 
from this test were compared with those from a mechanical dynamics computer 
model of the same unit. This work showed that dynamic forces developed by 
the BPCU were small and that the model could accurately predict torque and 
vibration levels. Accurate predictions of BPCU characteristics are essential 
for spacecraft control/structure interaction analyses and for understanding the 
operational capabilities of scientific instrumentation onboard.

The BPCU is a fully integrated power-conversion system including a turbo-
alternator, recuperator, and gas cooler with helium-xenon working fluid 
designed for operation up to 2 kWe. The heat source used in the test was a 
series of silicon-carbide electrical resistance heaters contained in a shell and 
tube heat exchanger that heated the helium-xenon gas to over 1000 K, simu-
lating a fission reactor source. A commercial chiller with a pumped ethylene 
glycol cooling loop provided waste-heat rejection. The BPCU utilizes multifoil 
insulation, which requires a vacuum environment. 

The test approach for the 2-kWe Brayton engine required careful planning 
of measurement sensor types and locations. Test-stand modifications nec-
essary to minimize environmental noise and to ensure accurate dynamic 
measurements were identified and implemented. Because the analytical 
model predicted that the 2-kWe BPCU would be a very quiet machine, 
the Microgravity Emissions Laboratory (MEL) at Glenn was given the test- 
instrumentation and data-acquisition task. The MEL team utilized a highly 
sensitive acceleration measurement system at Glenn’s Vacuum Facility 6 
to record the mechanical dynamics signature. Facility background vibration 

(due mostly to vacuum pump systems) 
was measured and found to be too high 
to discern the very low-level vibration of 
the BPCU. Consequently, an isolation 
test stand was designed and built to utilize 
existing mounting pads within the vac-
uum tank, and a two-cable suspension 
system was used to isolate the BPCU 
from facility vibration. Pretest background 
noise checks confirmed the effective- 
ness of the isolation stand’s ability to 
attenuate environmental vibration.

Testing showed minimal excitation (10–15 

to 10–10 g2/Hz) in the frequency band of 
interest (0 to 600 Hz).  This is important 
input to the understanding of on-orbit 
spacecraft control/structure interactions 
for a large, flexible spacecraft. With such 
low disturbances coming from the oper-
ating 2-kWe BPCU, issues with space-
craft control/structure interactions are not 
expected. In addition, on the basis of the 
experimental data, an operating BPCU 
would not impact scientific measure-
ment onboard the notional spacecraft 
application.
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NASA and the Department of Energy are developing a high-
efficiency Stirling radioisotope power system for future NASA 
space science missions, including such potential uses as 
powering rovers on planetary surfaces, lunar communication 
stations, and spacecraft power for deep-space missions. 
Stirling analysis tools are key elements in the ability to design, 
analyze, diagnose, test, and subsequently, improve these 
Stirling power systems. The NASA Glenn Research Center 
has created a suite of industry-leading tools for dynamic 
system analysis and multidimensional thermodynamic and 
electromagnetic analyses. These provide a complete picture 
of both overall system and detailed component behavior. In 
addition, Glenn research on understanding losses in Stir-
ling systems has led to improved one-dimensional Stirling 
design codes.

Lockheed Martin (Valley Forge, PA) is the system inte-
grator for the 110-W, first-generation Stirling radioisotope 
power system, known as the Stirling Radioisotope Genera-
tor (SRG110). Infinia Corporation (Kennewick, WA) is providing the Stirling 
convertor (integrated Stirling engine and linear alternator). The SRG110 is 
being developed under contract to the Department of Energy, with Glenn 
providing key supporting technology developments and advanced technology 
efforts. The projected SRG110 system efficiency of 23 percent will reduce 
the required amount of radioisotope by a factor of 4 or more in comparison 
to currently used radioisotope thermoelectric generators. A next-generation 
Stirling system is expected to exceed 30-percent efficiency and to double the 
power output per unit mass for a radioisotope power system. 

The Stirling System Dynamic Model (SDM), based on Ansoft Simplorer, 
is a nonlinear, time-domain model that simulates Stirling cycle thermody-

namics; heat flow; gas, 
mechanical, and mount-
ing dynamics; the linear 
alternator; and the con-
troller. It allows complex 
interactions among the 
various Stirling subsys-
tems to be studied and 
can model transient and 
dynamic phenomena 
from startup to full-power 
conditions. In 2005, 
SDM’s thermodynamic 
modeling was improved 
by coupling the SDM 
to Sage, an industry-
standard Stirling design 
code. In addition, linear 

modeling techniques were developed 
that can produce models to be used with 
classical controls and stability analysis 
techniques.

The first U.S. multidimensional computa-
tional fluid dynamics (CFD) model for a 
complete Stirling engine was developed 
in 2005. The preceding figure shows the 
radial velocity distribution for an axisym-
metric simulation of the Stirling engine 
being developed for the SRG110, and 
the photograph shows the Microway 32-
processor parallel computer cluster that 
was set up to run the multidimensional 
models. More recently, a complete three-
dimensional simulation was achieved for 
this same engine. The commercial CFD 
code FLUENT is used for the simulation 
platform.

These analysis tools have affected the 
SRG110 design as well as advanced 
technology efforts. The SDM has been 
used to provide key input for the SRG110 
controller development and to study sys-
tem integration issues and off-nominal 
behavior. The SDM is also being used in 
the design of advanced controllers and 
linear alternators. The three-dimensional 

Novel Analysis Tools Created to Enable Stirling Radioisotope 
Space Power Systems

Radial velocity distribution inside a Stirling engine. Time, 
5.1547 sec.
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electromagnetic model, based on Ansoft Maxwell, was used to estimate the 
linear alternator’s margin to demagnetization, which impacted SRG110 magnet 
selection. This demagnetization margin was verified with test data in 2005. 

The multidimensional CFD models will soon be used to evaluate effects that 
could not previously be studied with simpler models and cannot be determined 
from testing. These include the effects of uneven circumferential heating and 
the effect of possible regenerator bypass flow that may be caused by small 
dimensional changes due to heater head creep over very long operating 
times. The CFD models have also already been used to provide estimations 
of operating temperatures that cannot otherwise be determined for parts 
undergoing reliability studies. Perhaps most importantly, this set of tools can 
enable detailed investigation of a design and its modifications before expen-
sive hardware is fabricated. 
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One form of power conversion under investigation in NASA Glenn Research 
Center’s Thermal Energy Conversion Branch is the closed-Brayton-cycle 
engine. Producing power from tens-of-kilowatts to multimegawatts, the Bray-
ton engine lends itself to potential space nuclear power applications such as 
electric propulsion or surface power. The Thermal Energy Conversion Branch 
recently enhanced its closed-Brayton-cycle design and analysis capabilities 
by transporting its legacy code, the Closed Cycle Engine Program (CCEP), 
from Fortran to a more suitable modeling environment known as the Numeri-
cal Propulsion System Simulation (NPSS). The updated engine program, 
called the Closed Cycle System Simulation (CCSS), has been used so far to 
create models with multiple engines, higher-fidelity components, and thermal 
transients to match data from test hardware. 

The NPSS modeling environment was created at Glenn as a joint effort with 
industry and the Department of Energy and is maintained by Glenn. It offers 
improved features such as an unlimited number of input, output, and solver 
variables, a powerful differential equations solver, the option of either a text 
or graphical user interface, and the ability to couple with external programs 
to increase the fidelity of individual components. 

An unlimited number of variables allow 
a user to build models that converge to 
more elaborate design specifications and 
operate in a more flexible fashion during 
off-design analysis. A CCSS model was 
constructed of two closed-Brayton-cycle 
engines that shared a common gas inven-
tory and were plumbed together at the 
heat-source heat exchanger. Although 
the engines were designed under identi-
cal specifications, they could be operated 
individually at different power levels. The 
CCSS solver was employed to appropri-
ately balance the gas inventory shared 
between the two engines. 

In a combined effort with Glenn’s Tur-
bomachinery and Heat Transfer Branch 
and Thermal Energy Conversion Branch, 

Brayton Power-Conversion Modeling Enhanced With Closed-Cycle 
System Simulation
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CCSS was coupled to the mean-line compressor and turbine codes Quick 
and Radial Turbine Design, increasing turbomachinery fidelity over CCSS’s 
generic performance tables. Fidelity could be increased even further by cou-
pling CCSS to computational fluid dynamics programs. The ability to couple 
CCSS to external codes could facilitate collaboration with codes developed 
by other Government agencies or by industry.

A CCSS model of Glenn’s 2-kWe closed-Brayton-cycle engine (MiniBRU) was 
constructed, and results were compared with transient test data. Attention 
was given particularly to the model’s recuperator and electric heater compo-
nents because their large masses contribute most to the engine’s thermal 
transients. The CCSS model was able to reproduce the thermal transient 
timescales exhibited by the MiniBRU for operational step changes in shaft 
rotational speed and electric heater power input. 

CCSS combines the legacy source code of CCEP with the power and exten-
sibility of the NPSS modeling environment. More elaborate design and off-
design studies can be conducted than were possible with CCEP. Efforts over 
the past year have enabled CCSS to replace CCEP as the Thermal Energy 
Conversion Branch’s closed-Brayton-cycle design and analysis tool.
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Stirling Power Convertors Demonstrated in Extended Operation

A Stirling Radioisotope Generator supplying over 100 W of electric power 
(SRG110) is being developed by Lockheed Martin Astronautics (Valley Forge, 
PA). This development effort is under contract to the Department of Energy 
(Germantown, MD). The generator will be a high-efficiency electric power 
source for NASA space science missions with the capability to operate in the 
vacuum of deep space or in a gaseous atmosphere like that found on the 
surface of Mars. The generator converts heat into electric power as the heat 
is supplied by a plutonium heat source. 

The NASA Glenn Research Center is supporting Lockheed Martin Astronautics 
and the SRG110 project by providing key data to enhance performance and 
mitigate risk for what will be the first dynamic power system used in space. 
High system efficiency was achieved through the use of free-piston Stirling 
power-conversion technology. Long life has been achieved through the use of 
noncontacting moving components: there are no wear mechanisms. The Glenn 
tasks include in-house testing of Stirling convertors and advanced controllers, 
materials evaluation and heater head life assessment, structural dynamics 
testing and analysis, assessment of organics, and reliability analysis. A paral-
lel effort to develop an advanced technology Stirling convertor with reduced 
mass and increased efficiency complements the SRG110 project.

To demonstrate the capability for long life, Glenn is conducting extended- 
operation tests of flight-prototype Stirling power convertors known as 
Technology Demonstration Convertors (TDC’s) that were developed by Infinia 
Corporation (formerly known as the Stirling Technology Company, Kennewick, 
WA). TDC’s #13 and #14 recently passed 2 years of operation and now have 
over 18,400 hr of extended operation. The power output and efficiency have 
remained nearly constant throughout this test. TDC’s #15 and #16 began test-
ing at Glenn earlier this year and have accumulated over 4200 hr of extended 
operation. TDC’s #5 and #6 have been operating in a thermal vacuum environ-
ment intended to simulate operation in deep space and have accumulated over 
4600 hr. The total operating time of all the convertors at Glenn has sur- 
passed 58,000 hr with no failures to report. Operation is continuing in support 
of Lockheed Martin Astronautics and the SRG110 project. This effort is sup-
ported by NASA’s Science Mission Directorate, Radioisotope Power Systems. 
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In an alpha-voltaic power source, a radioactive substance that 
emits energetic alpha particles is coupled to a semiconductor 
p/n junction diode or solar cell. An alpha-emitting radioistope 
is used instead of a beta-emitting one to ensure a simple 
design that needs minimum shielding to contain the radiation. 
Americium-241 (Am241), with a half-life of 432.7 years and an 
activity of 3.5 curies per gram (Ci/g), emits a 5.5-MeV alpha 
particle. As the alpha particles penetrate into the p/n junction, 
they decelerate and give up their energy by creating electron-
hole pairs in the semiconductor. These electron-hole pairs 
are collected by the p/n junction and are converted into use-
ful electricity much like a solar cell. The primary reason alpha 
voltaics have not been technologically successful to date is 
that the alpha particles damage the semiconductor material 
so as to degrade the electrical output of the solar cell in just a 
matter of hours. At the NASA Glenn Research Center, several 
alpha-voltaic particle source designs were investigated that 
address this problem.

They key to future development resides in the ability to limit the radiation 
degradation in the photovoltaic portion of these devices. One approach to 
solving this problem is to use semiconductor materials that are more radiation 
tolerant. An indium gallium phosphide (InGaP) cell was fabricated and tested 
under alpha emission. The device degraded substantially but was found to 
recover significantly with an anneal at 200 °C for 1 hr.

A second approach involves the use of nonconventional device designs such 
as a lateral junction “nipi” device. This design spatially separates the n and p 
layers of a cell, which permits charge separation and transport to occur within 
two separate orthogonal planes, thus ensuring a higher radiation tolerance 
(see the schematic to the top right). 

The third approach uses an intermediate material to absorb the incident alpha 
energy and reemit it as light, without undergoing significant radiation dam-
age. This material could be incorporated in a device structure to convert the 
alpha radiation indirectly. A possible candidate for this application would be 
a semiconducting quantum dot. In this design, seen in the following diagram, 

Alpha-Voltaic Power Source Designs Investigated
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you would choose a phosphor material 
whose emissions were tailored to the 
bandgap of the photovoltaic device to 
ensure a high conversion efficiency while 
the phosphor protects the p/n junction of 
the device. 

The graph on the following page shows 
the current-versus-voltage output of an 
alpha-voltaic battery that used an InGaP 
cell coated with zinc sulfide:gold (ZnS:Ag) 
intermediate absorber quantum dots after 
it was placed in contact with Am241.

A single alpha-voltaic stack would con-
sist of an electrochemically deposited 
Am241 film on a thin metal foil alpha- 
particle source sandwiched between 
layers of quantum dots, with the quantum 
dots sandwiched between the bifacial p/n 
junction photovoltaic devices seen in the 
final figure. 
 
Such a device, whose area would be less 
than 1 cm2 and whose weight would be 
approximately 3 g, could generate up to 
5 mW, if 2.5 Ci of Am241 was used (i.e., 
2 mW/mCi). 
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The quantum-dot alpha-voltaic devices could operate at low temperatures at 
which current battery systems would be rendered useless. In addition, they 
could be easily fabricated in microscale sizes, which is extremely difficult with 
conventional battery chemistries. This attribute makes them extremely attractive 
for microsystem applications such as biomedical or microelectromechanical 
systems (MEMS) sensors. These small devices could provide low levels of 
power for an extremely long period of time (i.e., >100 years) and could oper-
ate over a wide range of environments with little, if any, loss of performance, 
most notably at extremely low temperatures (i.e., < 100 K) but also in harsh 
biological environments.

Wireless sensor mode
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The enhancement of polymeric solar cells through the addition 
of nanostructured material complexes has been investigated 
to facilitate exciton dissociation and carrier transport through a 
polymer matrix. The dispersion of single-wall carbon nanotubes 
(SWNTs) into poly-3-octylthiophene (P3OT) has been shown to 
dramatically improve both the electrical conductivity and optical 
absorption of the polymer in comparison to the pure polymer. The 
photoresponse of solar cells using P3OT doped with SWNTs is 
significantly improved over the undoped version under simulated 
air mass zero (AM0) illumination. In addition, cadmium selenide 
(CdSe) quantum dots (QDs) have been used by several groups 
to facilitate exciton dissociation and improve the efficiency of 
P3OT-based solar cells. Through the synthesis of QD–SWNT 
complexes, researchers at the NASA Glenn Research Center 
produced a nanostructured additive for polymeric solar cells that 
exhibits both a high electron affinity and high electrical conductiv-
ity. This year, researchers  from Glenn and the Rochester Institute 
of Technology (RIT) synthesized copper-indium-sulfide- (CIS-) 
QD/SWNT complexes and assessed their viability as an additive 
in polymeric solar cells.

There are four main problems to address in improving polymeric solar cells:
(1) Photon absorption—The polymer and additives must have a suitable  

 bandgap to capture a significant portion of the solar spectrum.
(2) Exciton diffusion—The limited diffusion lengths (~10 nm) of polymeric  

 excitons necessitate a novel device structure or appropriate volume 
 fractions of nanomaterial additives.

(3) Exciton dissociation—There must be a sufficient difference in potential  
 energy levels to overcome the exciton binding energy for electron-hole  
 dissociation.

(4) Carrier transport—High hole conductivity is needed in the polymer, and  
 high electron conductivity is needed in the material additives.

An ideal nanomaterial additive for a 
polymeric solar cell would have a high 
electron affinity, low percolation threshold, 
high electrical conductivity, and a suitable 
bandgap. Although this may be achieved 
by a single material, another approach 
would be to combine nanomaterials with 
complementary characteristics: for exam-
ple, combining appropriate covalently or 
noncovalently semiconducting QDs to an 
SWNT (ref. 1).

A possible idealized energy band diagram 
for a polymeric solar cell with QD–SWNT 
complexes is shown in the diagram to 
the left. The relative levels have been 
adjusted to illustrate a favorable rela-
tionship between the materials. Such a 
combination is possible for bandgaps 
and electron affinities that have been 
reported in the literature for the various 
constituents.

SWNTs were synthesized using an 
alexandrite laser vaporization process 
(ref. 2). Raw soot was purified using con-
ventional nitric acid and thermal oxidation 
steps to achieve SWNT mass fractions 
of >95 wt% in the overall sample; then, 
CIS QDs were prepared by conventional 
colloidal organometallic chemical bath 
syntheses (ref. 3). QD–SWNT complexes 

Carbon Nanotubes Synthesized and Assessed for Space Photovoltaics

Energy-level (E) diagrams adjusted in relation to the vacuum level and 
equilibrated at the Fermi energy for a QD–SWNT-polymer solar cell show-
ing the electronic transitions from optical absorption, exciton dissociation, 
and resulting carrier transport of the components (ref. 1); E1 > E2 > E3.
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were formed through covalent and noncovalent attachment 
schemes involving carboxylic acid-functionalized SWNTs with 
CIS-mercaptoacetic acid QDs.

The addition of lower bandgap QDs and SWNTS can enhance 
the absorption spectrum of an ordinary polymeric solar cell. The 
graph at the top of the preceding page shows how the addi-
tion of CIS QDs changes the optical absorbance of P3OT. The 
graph to the right shows that absorbance improves dramatically 
when nanotubes are combined with CIS.

Photovoltaic devices of the nanomaterial-P3OT composites 
were made by spin coating the materials onto commercially 
obtained indium-tin-oxide- (ITO-) coated polyethylene terap-
thalate (PET) substrates that were pretreated with a thin film 
of polyethylenedioxythiophene (PEDOT). Thermally evaporat-
ing aluminum grid contacts were used. The bottom right graph  
shows the AM0 photoresponse of a P3OT solar cell with a 
50-wt% doping of CIS QDs. 

Covalent and noncovalent attachment schemes to SWNTS were 
attempted to address the deficiencies associated with using QDs 
alone. A dramatic improvement in the cell characteristics with the 
addition of SWNTs is shown in the bottom left graph.

QD–SWNT complexes, which combine a high electron affinity 
and low percolation threshold, provide an attractive nanomate-
rial additive for polymeric solar cells. By using a simple covalent 
coupling reaction, researchers  from Glenn and RIT demonstrated 
that such complexes are possible. Initial prototype cells using 
these complexes in a P3OT-based device showed enhanced 
photoconversion in comparison to undoped cells. The quan-
tum confinement found in the nanomaterials described should 
allow for the optimization of absorption to the solar spectrum 
and efficient device designs that will increase performance in 
polymeric solar cells.

The authors acknowledge the support of NASA through grants 
NCC3–956 and NAG3–2484, the National Science Foundation 
through grant ECS–0233776, and BP Solar. 
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Find out more about the research of Glenn’s Photovoltaics and Space 
Environments Branch:
http://www.grc.nasa.gov/WWW/5000/pep/photo-space/ 
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A nanostructured approach to semiconductor device development is based 
on the fact that the electrical, optical, mechanical, and even thermal prop- 
erties of these materials can be controlled by changing the particle size 
(ref. 1). When carriers are confined in dimensions comparable to the Bohr 
exciton radius of the bulk semiconductor, their energy states become quan- 
tized. These nanoscale pieces of semiconductor are called quantum dots 
(QDs) or “artificial atoms” because of their discrete-like energy states. In 
the same way that bringing a number of atoms together in a solid results in 
“energy bands,” bringing a number of QDs together in an array also results 
in bands. 

Indium Arsenide (InAs) Quantum Dots Grown for Space Solar Cells

A groundbreaking theoretical study by 
Luque and Marti (refs. 2 and 3) predicted 
that a single intermediate electronic band 
created by QDs would offer a conversion 
efficiency of 63.2 percent when it was 
inserted into an ordinary solar cell. This 
greatly exceeds the maximum conversion 
efficiency (i.e., 31 percent) for a single-
junction device (refs. 4 and 5), and it is 

Left: Lattice-matched triple-junction solar cell; AR, antireflective. Right: Crystal growers’ chart with a dashed arrow 
indicating a lattice-matched triple-junction cell on germanium.
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approximately a factor of 2 better than current state-of-the-art space solar cells. 
In addition to efficiency enhancement, QD cells hold the promise of improved 
radiation tolerance and temperature coefficients (refs. 5 to 7).

QD structures can be fabricated using a self-assembly technique called the 
Stranski-Krastanov growth mode. This technique takes advantage of the strain 
energy generated from the lattice mismatch between the host material and the 
QD material to transition from two-dimensional layer-by-layer growth to three-
dimensional “island” growth. A series of QD layers with intermediate cladding 
layers can be grown to produce self-organized three-dimensional arrays. 

The current state of the art in space photovoltaics is the lattice-matched, 
triple-junction solar cell. It is essentially three different cells grown epitaxially 
with connecting tunnel junctions between. The illustration on the preceding 
page shows the basic device structure layer compositions and doping for a 
lattice-matched, triple-junction solar cell. The lattice-matched approach puts a 
constraint on the available bandgaps (see the graph on the preceding page) 
and, therefore, how the solar spectrum is divided between the junctions. The 
cell is optimized through current-matching of the individual junctions. In this 
particular design, the middle indium gallium arsenide (InGaAs) junction is the 
current-limiting and, therefore, the efficiency-limiting junction. Incorporating 
an InAs quantum dot array can lower the effective bandgap of the middle cell, 
providing subgap absorption and improving the cell’s short-circuit current.
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An alternative to the ordinary lattice-
matched approach to multijunction solar 
cells is the metamorphic, or lattice- 
mismatched, approach. This approach 
also can benefit from the introduction 
of QD arrays. In a metamorphic triple-
junction cell, the InGaAs junction (bot-
tom cell) of the three-cell stack is the 
current-limiting junction. This situation is 
further exacerbated when these devices 
are used in space, because the bottom 
junction is the one most affected by 
radiation degradation. 

This year, Glenn researchers dem-
onstrated the ability to grow both the 
lattice-matched and mismatched InAs 
on InGaAs using Stranski-Krastonow 
growth (see the photomicrographs). 
Cross-sectional analysis of the atomic 
force micrograph structures yielded an 
average diameter of 205 nm and height 
of 51 nm (see the graph on the left), 
yielding an effective bandgap of 1.04 eV 
for a bulk bandgap of InAs of 0.38 eV 
and an electron effective mass of 0.023. 
The graph on the right shows the spec-
tral response of a nonoptimized InGaAs 
device in which InAs dots were added 
to the depletion region. The small peak 
beyond 1.2 eV confirms some subgap 
conversion that which was not seen in 
the non-QD-containing control cell. 

Left: Cross section of the atomic force micrograph shown in the preceding figure yielding an approximate 
InAs QD height of 5.0 nm. Right: Spectral response of an InGaAs solar cell with a 10-layer InAs QD array.
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Several advancements were made in integrated photovoltaic and commu-
nications technology this year. In the first, NASA Glenn Research Center’s 
Photovoltaic Branch, in collaboration with Glenn’s Antenna, Microwave and 
Optical Systems Branch and personnel from the Naval Research Laboratory 
demonstrated photovoltaic (PV, or solar cell) technologies integrated with radio-
frequency (RF) and optical communication technologies. The PV-RF-optical 
communications demonstration (see the following photograph) consists of a 
high-efficiency monolithic multijunction solar array (indium-galium-phosphide/
gallium arsenide, InGaP/GaAs) integrated with X-band RF patch antennas. 
The electrically insulating semiconductor substrate used to fabricate the solar 
array structure also serves as the dielectric spacer between the coplanar RF 
waveguide feed network, which is deposited on the rear surface, and the patch 
antenna elements located on the front surface. By altering the geometry of 

the feed network on the rear surface, one 
can alter the radiating pattern to radiate in 
any direction needed. Thus, a large solar 
array could be composed of various patch 
antenna sections, each designed to radi-
ate in a particular direction. A simple RF 
switching network would be all that was 
required to effectively steer the beam. 
Another application of this integrated 
technology is in miniaturized antennas for 
surface-to-surface or distributed systems 
technologies, whereby a miniature pack-
age could contain power generation and 
RF communications, as well as a variety 
of sensor or functional capabilities. 

The second advancement, a partnership 
of researchers from Glenn and the Naval 
Research Laboratory, demonstrated a 
matchbook-sized system consisting of a 
solar array and a modulating retroreflec-
tor (MRR) optical communication system 
(see the left photograph on the next page). 
The MRR technology (developed at the 
Naval Research Laboratory) operates 
by modulating a reflected laser beam, 
thereby encoding data. Thus, to commu-
nicate via the MRR, an interrogator directs 

Integrated Photovoltaic and Communications Technology Demonstrated

Integrated solar array and X-band RF communications system. The device is 
approximately 9 cm2 (3 cm by 3 cm) and consists of six photovoltaic cells con-
nected in series and four X-band patch antennas.
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a laser beam (1550 nm in this example) onto the MRR. An optical corner cube 
reflects the incident beam back to the interrogator. A semiconductor modula-
tor in front of the corner cube alternately transmits or absorbs the reflected 
beam. The demonstration device transmitted a digital identification code at 
a 100-kHz data rate while consuming 3.5 mW of power. With the addition of 
a supercapacitor for energy storage, the system was capable of extended 
operation in the absence of sunlight. The battery shown in this photograph is 
included only as a size reference.

For the third advancement, Glenn developed a PV device capable of gener-
ating the required electrical power from the probe laser beam used to inter-
rogate the MRR. The device (see the top right photograph) consists of four 
PV arrays connected in parallel, with each array tuned to efficiently convert 
1550-nm laser illumination into electrical energy. The MRR resides beneath a 
1-cm-diameter aperture in the center of the wafer.  

Matchbook-sized solar-powered MRR demonstration. The battery was 
added for scale purposes only.

1550-nm-laser-power converter.
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Contamination flakes in the propulsion discharge chamber of a NASA Solar 
Electric Propulsion Technology Readiness (NSTAR) xenon-ion engine were 
evaluated at the NASA Glenn Research Center. NASA’s Deep Space 1 space-
craft, launched in October 1998, was a technology-validation mission that flew 
a single 30-cm-diameter NSTAR xenon-ion engine as its primary propulsion 
system, providing the first successful flight of an ion propulsion system. The 
NSTAR ion engine successfully completed the mission in December 2001 
after 16,265 hr of operation in space. The success of the mission stimulated 
interest in future NASA science missions utilizing solar electric propulsion for 
required lifetimes in excess of 20,000 hr. As a result, assessing the ultimate 
service life capability of ion thrusters is vital, requiring extensive ground test-
ing and data analysis. 

To determine this capability, researchers conducted a long-duration test, called 
the Extended Life Test (ELT) of the Deep Space 1 spare flight ion thruster at 
the Jet Propulsion Laboratory (JPL) in collaboration with Glenn. The test was 
started in October 1998 and concluded on June 26, 2003, after 30,352 hr of 
operation. The ELT was terminated prior to its end of life so that the engine 
components could be analyzed to provide critical information to ion propul-
sion system designers. The primary purpose of the ELT was to determine the 
ultimate service life capability of the NASA 30-cm ion thruster technology. The 
left photograph shows the Deep Space 1 spare flight ion thruster taken shortly 
after completion of the ELT. Extensive post-test analyses were conducted at 
JPL and Glenn, with collaborative efforts from other groups. 

Post-test inspection of the ELT engine revealed numerous small contami-
nant flakes uniformly distributed over the bottom of the discharge chamber. 
Some of these flakes are shown in the optical photograph on the right. Inter-
nally generated flakes are a major threat to thruster reliability and durability 
because they can short the ion optics or the cathode. However, if the flakes 
were generated externally (from the facility), they would not be a threat to 

in-space reliability and durability. There-
fore, determining the origin of the flakes 
was critical to the understanding of the 
degradation mechanisms of long-life ion 
thruster operation. 

Extensive analyses were conducted at 
Glenn on the NSTAR ELT discharge cham- 
ber contaminant flakes to determine the 
source of the particles (e.g., from within 
the thruster, from the screen or acceler-
ator grids, or from outside the thruster). 
Analyses included optical microscopy and 
particle length histograms, field-emission 
scanning electron microscopy combined 
with energy-dispersive spectroscopy, and 
atomic-oxygen-plasma exposure tests. 
The results indicate that the majority of 
discharge chamber flakes consist of a 
layered structure, typically with either 
two or three layers. Flakes comprising 
two layers were typically found to have 
a molybdenum- (Mo-) rich layer on one 
side and a carbon- (C-) rich layer on the 
other side (see the top figure on the next 
page). Flakes comprising three layers 
were found to be sandwichlike structures 
with Mo-rich exterior layers and a C-rich 
interior layer. The presence of the C-rich 
layers indicates that these particles were 
produced by sputter deposition buildup 

Contamination Flakes in the Discharge Chamber of a NASA Solar Electric 
Propulsion Technology Readiness (NSTAR) Ion Engine Found To Be 
Test-Cell Generated

1.0 mm

Left: NSTAR ELT ion thruster after 30,352 hr of operation. Right: Optical micrograph of discharge chamber flakes.
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on a surface external to the discharge chamber from ion sputter erosion of 
the graphite target in the test chamber. This contaminant layer became thick 
enough that particles spalled off and then were electrostatically attracted into 
the ion thruster interior, where they were coated with Mo from internal sputter 
erosion of the screen grid and cathode components. 

A particle-size histogram based on measurements of approximately 1500 
flakes (shown in the bar chart) further indicated that the source of the par-
ticles was the spalling of carbon flakes from downstream surfaces. Analyses 
of flakes taken from the downstream surface of the accelerator grid supported 
this theory. The production of the downstream carbon flakes, and hence the 
potential problems associated with the flake particles in the ELT ion thruster 
engine, was determined by Glenn to be a facility-induced effect that would 
not occur in space.
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Electron micrograph of the edge of a two-layered flake showing two distinct layers with corresponding 
chemistries (S1 is a C-rich layer, and S2 is a Mo-rich layer). 

Particle-size histogram based on the longest dimension of 1538 flakes.
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This year, electrically conducting polymer matrix composites were suc- 
cessfully fabricated at the NASA Glenn Research Center from bromine- 
intercalated graphite fibers and three different thermoplastic resins. All 
demonstrated relatively low electrical resistivities, comparable to those of 
composites made with thermosetting resins.

Increasing the electrical conductivity of graphite fibers through intercalation, 
the insertion of guest atoms or molecules between the graphene planes, is a 
technology that has been investigated since pitch-based graphite fibers first 
became available 25 years ago. Applications include electrically conductive 
composite structures for electrostatic dissipation, electromagnetic interfer-
ence shielding, and ground return planes that could save between 30 and 
90 percent of the mass of the structure, in comparison to aluminum (ref. 1). 
Composites made from intercalated graphite fibers have been fabricated since 
the late 1980s, but they have always been made with thermosetting resins. 
This is partially due to the fact that most applications for these materials were 
in the aerospace industry, where epoxies, polyimides, and polyisocyanates are 
the standard resins used with graphite fibers. In addition, most intercalation 
compounds are not very stable at high temperatures, so limited exposure to 
curing cycles is important.

However, with the advent of higher temperature stable intercalation compounds, 
like those intercalated with bromine, these considerations become irrelevant 
because these compounds are stable even at cure temperatures as high as 
3000 °C (ref. 2). This technology is also becoming more attractive in applica-
tions outside of the aerospace industry in commodity products. Thermoplastic 
resins, which can be reheated and molded several times, have definite advan-
tages over thermosetting resins for manufacturability. In addition, radiation 
shields made by combining materials with some high-atomic-mass atoms 
(which are most efficient at stopping x-rays and γ-rays) with materials contain-

ing a lot of hydrogen 
(which is most effi-
cient at stopping high- 
energy protons), are 
being considered for 
spacecraft that require 
extended human stays 
in space. Intercalated 
graphite fibers con-
tain high-atomic-mass 
atoms, such as bro-
mine; and thermo-
plastic polymers, such 
as polyethylene, con-
tain a large fraction 
of hydrogen.

Glenn researchers made composites by 
combining bromine-intercalated graphite 
fibers with a variety of thermoplastics—
including polyethylene, polystyrene, and 
acrylonitrile butadiene styrene copolymer 
(ABS)—and compared their electrical 
properties with those of composites made 
from the thermosetting resins epoxy and 
RS–3 (a polyisocyanate). As is illustrated 
in the graph, the results indicate that the 
electrical conductivity of thermoplastics is 
comparable to that of composites made 
with thermosetting resins. Thus, appli-
cations in which composites made with 
intercalated graphite fibers and thermo-
setting resin have been well suited should 
also work well with composites made with 
thermoplastic resins, but with lower cost 
and improved manufacturability.
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Ion thrusters used for electric propulsion in space need to be operated for 
long durations in vacuum chambers on Earth in order to verify and test their 
operation and durability. Thrust is produced by the ejection of high-energy 
ions. In ground-laboratory testing, the high-speed ions ultimately impact the 
end wall of the vacuum chamber and some of the chamber wall (typically a 
metal) is sputtered, causing the ejection of material that can travel back and 
deposit on the ion thruster. This is called backsputter. Backsputter rates for 
metals are high enough that even during a short test a coating can develop 
on the downstream surface of the ion thruster. This coating can short the ion-
acceleration optics and insulators, leading to early atypical breakdown and 
failure of the ion thruster. To reduce the chance of this atypical type of break-
down, carbon targets are installed for the ions to impact. Carbon has one of 
the lowest sputter yields of any material and can greatly reduce the amount of 
backsputter on the ion thruster, but for life testing of thrusters, which involves 
months of operation, even this low rate of backsputter can cause problems. 
Several configurations of a honeycomb target were evaluated at the NASA 
Glenn Research Center to determine if changing the geometry of the target 
could reduce the backsputter rate by changing the line-of-sight arrival of the 
backsputtered material and trapping some of the sputter ejecta. 

A test was conducted in a small vacuum chamber at Glenn to compare back-
sputter ejecta from a standard Grafoil target to that from a high-aspect-ratio 
aluminum honeycomb backed with Grafoil. Two configurations were tested. 

Honeycomb Target Evaluated for Reducing Backsputter From Chamber Walls 
During Long-Life Tests of Ion Thrusters

The first (top part of the figure) simulated 
magnetic bending of the beam into the 
honeycomb and measured the sputter 
ejecta deposited at the source location. 
The second (bottom part of the figure) 
involved placing the honeycomb at vari-
ous angles with respect to the beam and 
measured the ejecta deposited near the 
source. Fused-silica substrates partially 
covered with Kapton tape were used 
to measure the thickness of sputter- 
deposited material arriving at that 
location. 

The results of the inclined honeycomb 
testing indicated that angling the axis 
of the honeycomb cells at or less than 
5° with respect to the ion source did 
not attenuate the sputter ejecta. In fact, 
for higher angles, there was actually 
greater backsputter than that observed 
for normal incidence on Grafoil at the 
same location. 

However, simulating the arrival of a 
magnetically bent beam of ions provided 
substantial reductions in backsputtered 
ejecta in comparison to Grafoil. The 
backsputter rate with respect to Grafoil 
was reduced to 18 percent for a bend of 
approximately 15° and to 3 percent at 
a bend of 75°. Thus bending the beam 
into the honeycomb so that the thruster 
does not have a view of the surfaces 
where ions are impinging enables the 
honeycomb to trap most of the sputter 
ejecta and to reduce the backsputter rate 
in comparison to when the target is bom- 
barded head on. The low-backsputter 
technique does rely upon the use of 
magnetic bending of the broad ion beam 
with sufficient angle to cause trapping. 
Although the magnetic bending require-
ment adds complexity to the vacuum 
facility in the region of the downstream ion 
beam, the technique does demonstrate 
that there are low-backsputter options 
to conventional planar targets. This 
encouraging result may enable greater 
accuracy in ion-thruster life prediction 
based on long-life ground testing.

Ion beam

Ion
source

Ion
source

Backsputter ejecta

Ion beam

High-aspect-ratio
honeycomb

Fused-silica-
deposition
witness coupons

Section of honeycomb showing face

Backsputter ejecta

Configuration of honeycomb tests in relation to an ion source. 
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Find out more about the research of Glenn’s Electro-Physics Branch:
http://www.grc.nasa.gov/WWW/epbranch/ephome.htm
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The Low Temperature Electronics Program at the NASA Glenn 
Research Center emphasizes development of electronics 
for low-temperature space missions. In this program, silicon- 
germanium-based transistors and diodes were developed to 
obtain efficient and reliable operation under cryogenic tempera-
tures. The illustration shows a significant gain increase at cryo-
genic temperatures of a silicon germanium power transistor that 
was developed for Glenn by GPD Optoelectronics, Inc., under a 
Small Business Innovation Research contract. This increase in 
gain at low temperatures is a desirable feature because typical 
silicon transistors do not operate well at lower temperatures and 
lose the ability to amplify signals.

The environmental temperature in many of NASA space- 
exploration missions, such as deep-space probes and outer 
planetary exploration, is significantly below the range for which 
conventional commercial-off-the-shelf electronics are designed. 
Presently, spacecraft in a low-temperature environment carry 
radioisotopes or other heating elements to maintain the onboard 
electronics at approximately 20 °C. Cryogenic electronics not only tolerate 
the harsh environment of deep space but reduce system size and weight 
by eliminating the heating units, thereby reducing system development and 
launch costs. Cryogenic electronics also have potential uses in terrestrial 
applications, including magnetic-levitation transportation systems, medi-
cal diagnostics, cryogenic instrumentation, and superconducting magnetic 
energy-storage systems.

These research efforts are being conducted with the support of the NASA 
Electronic Parts and Packaging (NEPP) Program, and through collaboration 
with other Government agencies, industrial and aerospace companies, and 
academia. The NEPP supports missions as well as technology development 
efforts at the NASA Goddard Space Flight Center, the NASA Langley Research 
Center, and the Jet Propulsion Laboratory.

Find out more about the research of Glenn’s Electro-Physics Branch:
http://www.grc.nasa.gov/WWW/epbranch/ephome.htm
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Silicon Germanium Power Transistors Developed for Cryogenic 
Space Missions
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Concepts Explored for Atmospheric Mining in the Outer Solar System 

PROPULSION SYSTEMS

Nuclear electric propulsion vehicle
or other transfer vehicle to Earth

Orbital station

Uranus atmospheric interface

Transfer vehicle, recovering 3He

Landing and transfer platform (needed??)

Aerostat and 3He
mining rig
(with 3He storage)

A preliminary study and review of methods of creating fuels in the outer solar 
system was conducted at the NASA Glenn Research Center in support of 
NASA’s exploration mission. Mining in the outer solar system is an impor-
tant option for exploration because launching and bringing all the materials 
for exploration from Earth is expensive and may make the idea of long-term 
exploration untenable. The large reserves of atmospheric gases in the outer 
planets are an excellent resource for fuels and other life-sustaining or colony-
building gases. 

The highly energetic gases available in the outer planet atmospheres are excel-
lent fuels for chemical and nuclear propulsion systems. Hydrogen and methane 
are excellent fuels for chemical rockets that can be used to ascend from and 
descend to the surfaces of moons. Hydrogen can also be the fuel of choice 
for nuclear fission and fusion rockets. Helium 3 (3He) is another future fusion 
reactor fuel that can be found in outer planet atmospheres (ref. 1). In addition, 
hydrogen, helium, and other ices found deep below the surface of Uranus and 
Neptune may be crucial to exploration beyond the solar system. 

Atmospheric mining may be easier than mining on the surfaces of outer-planet 
moons, and the planets with abundant gases are in good locations for way sta-
tions for exploring beyond the edges of our solar system. On the other hand, 
the delta-V (change in velocity) required to repeatedly access the atmosphere 
of Jupiter or another outer planet and then return to orbit can be quite high. In 
addition, because the planets typically have powerful magnetic fields, vehicles 
will need to have good resistance to radiation to operate reliably. 

One of the attractive materials that can be extracted from the solar system is 
3He. It is deposited in lunar regolith (moon dust) and exists in the outer planet 
atmospheres. This material can be an excellent nuclear fusion fuel and can 
reduce the neutron radiation created during the fusion process, extending the 

life of future power reactors. However, 
the fraction of 3He in the lunar regolith is 
quite small: perhaps less than 5 to 100 
parts per billion. 

The predicted concentration of 3He in 
the helium portion of the atmosphere of 
Uranus is also quite small: approximately 
1 part in 10,000. Despite the small levels, 
the argument has been made that it would 
be easier to extract 3He from gaseous 
helium in the outer planet atmosphere 
than from lunar regolith. Factories sta-
tioned in the atmosphere could mine the 
gas robotically and await orbital vehicles 
to gather the 3He and deliver it to other 
parts of the solar system. 

If atmospheric mining of 3He could be 
made highly efficient, it could be much 
more attractive than lunar regolith mining, 
especially after a pipeline of deliveries 
was established. The figure illustrates 
one of three atmospheric mining options 
discussed in reference 1. Aerostats, or 
balloon-borne factories, are used to proc-
ess and separate the atmosphere into the 
materials needed for propulsion. 
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Atmospheric mining of Uranus with aerostats.
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A series of combustion tests were performed at the NASA Glenn Research 
Center with metallized gelled JP-8/aluminum fuels in a pulse detonation 
engine (PDE). Nanoparticles of aluminum with diameters of 60 to 100 nm 
were used. Gellants were nanoparticles composed of hydrocarbon alkox-
ide materials. Using simulated air (a nitrogen-oxygen mixture), researchers 
investigated the ignition potential of metallized gelled fuels with nanoparticle 
aluminum. Ignition of the JP-8/aluminum was possible with 23-wt% or less 
oxygen loading in the simulated air. JP-8 fuel alone was unable to ignite with 
less than 30-wt% oxygen loading in the simulated air. Single-shot tests of the 
metallized gelled fuel were used to demonstrate the capability of the fuel to 
improve fuel detonability. The tests were conducted at ambient temperatures 
and with maximal detonation pressures of 1340 psia. 

During testing, only single-shot firings of the PDE were conducted with the 
metallized gelled fuel. Multiple shots were not planned as we wished to see if 
any improvements were possible with the gelled fuel. In many cases, improve-
ments in the detonation velocity were observed. Further testing and analyses 
will be required to optimize the configuration of the PDE. 

Metallized gelled fuels have many applications in aeronautics and space flight. 
Although the applications of PDEs are in the future, testing should continue 
to reveal the best operating points for these engines. Increased metal load-
ing testing would allow better packaging of the fuel in the missile or other 
aerospace vehicle. The combustion efficiency for the higher metal loadings, 
which has not yet been investigated, is a good area for continued research. 
The use of a compressor section to improve the PDE seems warranted. 

A metallized gelled JP-8/aluminum fuel was created to be combusted in a 
PDE. The fuel was formulated successfully with JP-8, nanometer-sized alumi-
num particles, and nanoengineered gellants. A sonicator was used to assure 

complete mixing of the fuel components 
for the testing, and the fuel remained 
stable for the 1- to 2-week time from for-
mulation to engine firing. Metal loadings 
in the JP-8/aluminum ranged from 4.85 
to 25 wt%, and gellant amounts ranged 
from 1 to 1.2 wt% 

A minimum aluminum loading of 12- 
to 18-wt% nanometer-sized particles 
allowed JP-8/aluminum combustion in 
the PDE without oxygen addition. A PDE 
with metallized gelled fuels might reduce 
dependence on added oxygen for ignition 
and might simplify engine design. Also, by 
increasing the fuel density, the metallized 
gelled fuel can make the vehicle more 
compact. Metallized gelled propellants 
and propulsion could offer many vehicle 
advantages and create a bright future for 
many high-energy aerospace visions. 
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Combustion Experiments Performed With Metallized Gelled Propellants 
in a Pulse Detonation Engine
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Spacecraft propulsion systems commonly use pressure-fed, 100-lbf class 
engines for the apogee insertion of geostationary satellites and for axial 
maneuvers of unmanned planetary spacecraft. Performance increases in 
these propulsion systems can be obtained by operation at higher chamber 
pressures. High-chamber-pressure operation, however, is not practical with 
pressure-fed systems, since the increases in propellant and in pressurant tank 

masses offset the engine performance 
gains. Pumped systems are required 
to derive a performance benefit from 
high-pressure operation. The use of 
pump technology has the potential to 
increase a satellite’s payload by 35 to 
40 percent, but the feasibility of making 
a high-efficiency centrifugal pump small 
enough (0.5-in.-diameter impeller tip) for 
a 100-lbf class rocket engine has never 
been demonstrated. 

Modern machine tool capabilities have 
made the design of such a pump pos-
sible. A two-stage pump with an overall 
pressure rise of 250 psia was designed 
and fabricated. The design includes 
crossover deswirl vanes between the 
stages and an exit volute. The mechani-
cal layout of the pump is an overhung 
two-stage configuration with interstage 
seals and bearings exterior to the pump. 
Design criteria included compatibility with 
a hydrazine propellant. Supporting stress 
and dynamic analyses of the design 
were performed; then, the anticipated 
design performance was predicted with 
a steady, three-dimensional viscous flow 
calculation. 

The two-stage centrifugal pump was 
tested in NASA Glenn Research 
Center’s Research Combustion Labo-
ratory using water as a surrogate fluid 
for hydrazine. The pump ran at speeds 
up to 57,000 rpm and flow rates up to 
1.2 gal/min. In general, pressure rises of 
about 75 percent of the predicted values 
were observed for the various flow rates 
and speeds. The pump delivered a pres-
sure rise of 190 psi at 0.8 gal/min with 
an efficiency in the 45- to 50-percent 
range. Several branches from Glenn 
contributed to this effort. The Engine 
Systems Branch and Electric Propul-
sion Branch conducted thermodynamic 
and mission analyses of the pumped 
spacecraft systems. The Compressor 
Branch designed the hydraulics for the 
pump impellers and diffusion systems. 

Miniature Pump for Spacecraft Designed and Tested

Two-stage centrifugal pump installed in Glenn’s Research Combustion 
Laboratory.

Pump performance map as a function of rotational speed.
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The Mechanical and Rotating Systems Branch was responsible for the 
mechanical design and fabrication of the pump, and the Thermal and Fluid 
Systems Branch, the Avionics, Power, and Communications Branch, and the 
Mechanical and Rotating Systems Branch designed the pump stand and its 
data-acquisition system. 

This successful effort, started in fiscal year 2004, was funded by NASA’s 
Energetics Legacy Program. It showed that the fabrication technologies 
exist to build high-efficiency pumps. These pumps have flow rates relevant 
to spacecraft propulsion and pressure increases that can significantly benefit 
mission payloads. 

Find out more about Glenn’s research:

Engine Systems Technology Branch: 
http://www.grc.nasa.gov/WWW/enginesys/

Compressor Branch: 
http://www.grc.nasa.gov/WWW/5810/ 

Power and On-Board Propulsion Technology Division:
http://powerweb.grc.nasa.gov/branches/5430.html 

Mechanical and Rotating Systems Branch:
http://www.grc.nasa.gov/WWW/7725/ 

Thermal and Fluid Systems Branch: 
http://www.grc.nasa.gov/WWW/7730/ 
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Critical Contributions to the Space Shuttle Return-to-Flight Effort Made by 
Glenn’s Ballistic Impact Team

MATERIALS AND STRUCTURES

Following the Space Shuttle Columbia accident investigation, NASA initiated 
the Return to Flight program, which established numerous technical issues 
requiring resolution prior to the launch of STS–114. NASA Glenn Research 
Center’s Ballistic Impact Team was given the task of conducting numerous criti-
cal ballistic impact testing and analysis programs to investigate and quantify the 
physics of debris impact on the reinforced carbon/carbon wing leading edges, 
nose caps, orbiter windows, and external tank structures. The test programs 
ranged from fundamental material characterization tests to full-scale tests of 
the orbiter wing leading edge and nose cap, which identified critical impact 
damage threats to various shuttle components. Glenn researchers examined 
damage threats from potential impactors, including shuttle thermal-protection 
foams and ablators as well as ice formed on the shuttle’s external tank. The 
analysis effort at Glenn encompassed the development of high-fidelity mate-
rial models for implementation into the explicit finite-element impact-analysis 
code LS DYNA. The analysis method is now being used to analyze impact 
events on the shuttle system.

Glenn’s Ballistic Impact Team addressed six elements that were critical to the 
success of the Return to Flight program: 
(1) Extensive impact testing and characterization of six shuttle thermal- 

protection debris materials as well as ice (Glenn’s fatigue laboratory 
provided static materials testing for this effort as needed.) 

(2) External tank foam and booster separation motor aluminum-oxide particle 
debris impact testing on full-scale orbiter windows 

(3) Ice and foam impact testing on the 
external tank structure to assess 
resulting secondary debris threats 
and potential degradation of the 
external tank thermal-protection 
system

(4) Over 100 impact tests on flat rein- 
forced carbon/carbon panels to 
establish critical impact damage 
thresholds for the material as well 
as to validate material models 
developed for LS DYNA 

External tank structural impact tests being conducted in the Ballistic Impact
Laboratory.

High-speed digital photography cap-
tures the behavior of external tank 
foam undergoing an impact event.
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(5) Material model development and support of production 
analysis runs for the Shuttle Program Impact Analysis 
Team 

(6) Analysis and testing support at Southwest Research 
Institute for full-scale tests of the wing leading edge 
and nose cap 

Each element was successfully completed on time, lead-
ing to the successful launch of STS–114 in July 2005. As a 
result of Glenn’s testing, the design of the orbiter windows 
was changed, the external tank was cleared as safe to fly, 
and a previously unavailable physics-based impact analy-
sis capability was established for the shuttle program. As 
a consequence of Glenn Ballistic Impact Team contribu-
tions, mission safety for future shuttle operations increased 
dramatically.
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code and used to predict impact damage for future shuttle 
missions.
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Factors influencing the complex thermomechanical behavior of 
polymer foams. Left: Accumulation of volatiles inside cells. Right: 
Foam microstructure.

Thermal expansion behavior of BX–265 foam normal-to-rise.

Analysis and Modeling Methods Being Developed for Evaluating 
External Tank Foam

The Columbia Accident Investigation Board’s conclusion that the tragic loss 
of the Space Shuttle Columbia was caused principally by the liberation of 
insulating foam from the bipod ramp of the external tank (ref. 1) launched an 
extensive series of studies to identify the cause of and the factors influencing 
foam shedding. Through various laboratory experiments, it became apparent 
that defects in the foam resulting from the spraying process have a significant 
influence on foam-shedding phenomena (ref. 2). 

Although more stringent foam spraying and processing specifications have 
been established to limit both the size and number of defects, it is improbable 
that these defects will be completely eliminated. Vehicle safety, therefore, relies 
on developing an ability to assess the potential for a foam-shedding event 
with critical significance. To accomplish this, researchers need to accurately 
quantify the foam stress states during ascent and to understand how defects 
interact with the surrounding stresses to produce a fracture event. 
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The stress analysis of foam is challeng-
ing by itself. For the shuttle application, 
it is further complicated by severe tem-
perature gradients across the foam layer 
during shuttle ascent. Because the foam 
cell walls are a polymer, the glass tran-
sition, the release of volatiles, and the 
thermal decomposition of the material 
contribute to the complex thermal expan-
sion and thermomechanical behavior 
(see the graph). The foam cell structure 
shown in the bottom figure also plays 
a significant role because it introduces 
anisotropy in the mechanical and physi-
cal properties. 

Researchers in the Materials and 
Structures Division at the NASA Glenn 
Research Center are conducting a series 
of research studies to develop improved 
analysis methods for simulating the 
complex thermostructural behavior of 
the rigid closed-cell polymeric foams 
used to insulate the shuttle’s external 
tank. The goal is to develop accurate 
analysis tools to identify the mechanisms 
responsible for foam failure and debris 
liberation (see the final figure). These 
tools will also help to assess the criticality 
of specific foam defects on the basis of 
measurable defect characteristics, such 
as size, shape, depth, and location. 

Both macromechanics and microme-
chanics models are being developed 
to account for the physical and chemi-
cal changes that occur in the material 
as well as the influence of the foam 
microstructure on the thermostructural 
behavior. Experimental studies are being 
conducted to (1) determine critical mate-
rial property values for input to analysis 
models, (2) study the fracture behavior 
of rigid, closed-cell polymeric foams, 
and (3) study the significant physical 
and chemical processes that occur in 
the material to help guide the develop-
ment of the physics-based models. So 
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far, a formulation has been derived to account for the increase in the cell gas 
pressure due to thermal decomposition of the polymer (see the left side of the 
bottom figure on the preceding page). Also a finite element model has been 
established to describe the divot tests (see the figure on this page).
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Illustration of the divot test setup. (a) Foam divot test setup. (b) Formation of a divot. 
(c) Finite-element model of divot test. (d) Stress contours in foam.
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Reinforced carbon/carbon (RCC) has been used successfully as thermal pro-
tection on the space shuttle orbiter nose cap and wing leading edge for many 
missions. During reentry, this material is exposed to the harsh environment 
of high temperatures, rapid velocities, and reactive gases. RCC consists of 
a two-dimensional layup of carbon fiber fabric together with several layers 
of oxidation protection. The oxidation protection can be summarized as fol-
lows. A conversion coating of silicon carbide (SiC) is followed by infiltration of 
tetra-ethyl orthosilicate (TEOS), which decomposes to silicon dioxide (SiO2) 
on heating. Then, two outer coats of a sodium-silicate-based glass sealant 
are applied. In this study at the NASA Glenn Research Center, a series of 
controlled laboratory experiments was used in conjunction with observations 
of mission-exposed RCC to reveal the three major routes to degradation: oxi-
dation of the carbon through cracks and fissures, sealant loss via vaporization, 
and silica/carbon reactions.

Oxidation through cracks and fissures in RCC is a well-known 
issue. Despite the protection system, some oxidation is known 
to occur, particularly when the sodium silicate layer is depleted. 
The preceding image shows a typical cavity formed by the oxi-
dation of RCC that has a SiC conversion coating with no glass 
sealants. The important features are (1) a clear path from the 
atmosphere to the carbon, which is the crack in this case, and 
(2) fibers exhibiting preferential attack along the edges. These 
features allow a pore created in oxidation to be distinguished 
from a pore created during processing. It is essential to make 
this distinction to assess any oxidation damage.

A two-stage diffusion model has been 
adapted to describe the oxidation of car-
bon through the cracks (ref. 1). Because 
of the thermodynamic incompatibility 
of carbon, gaseous carbon monoxide 
(CO(g)), and gaseous carbon dioxide 
(CO2(g)), the oxidation of carbon is 
treated is two steps:

      C + CO2 = 2 CO
     ½ O2 + CO = CO2

The illustration below shows this sche-
matically for a straight pore. Diffusive 
fluxes are derived for each region of 
the pore, and the consumption of car-
bon is calculated. Agreement between 
the observed values and the calculated 
values is within an order of magnitude. 
The disparity is likely due to the complex 
geometry of a crack in comparison to that 
of a straight pore.

A second important reaction is the 
vaporization loss of the sodium- 
silicate-based sealant. Sealant deple-
tion is a well-known problem for 
mission-exposed RCC. Laboratory 
studies have provided data to establish 
an Arrhenius curve for sodium silicate 
vaporization in a boundary-layer-limited 
flux situation, illustrated in the graph on 
the next page. Extension of these data 
to sealant loss for stagnation flow arcjet 
tests looks promising.

High-Temperature Chemical Reactions in Reinforced Carbon/Carbon Studied

25 µm

SiC

RCC oxidized in a furnace for 1 hr at 1100 °C.

0 Xf L X

Air
(0.01 to 
0.07 atm)

Region II Region I

JCO2
JCO2

JCO JO2N2 N2

SiC

SiC

C/C

Two-step diffusion-oxidation process for the oxidation of 
RCC through cracks. Ji is the flux (grams or moles per unit 
area minus unit time) of species i; Xf, boundary of CO/CO2 
and CO2/O2 region; L, length of pore; X, diffusion direction.
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A third type of reaction is the interaction 
of TEOS-derived SiO2 with the carbon/
carbon substrate. Processing involves 
infiltration of RCC with TEOS, using a 
vacuum to draw the TEOS through the 
thickness of the RCC. Necessarily, a 
small amount of TEOS remains in the 
carbon/carbon and is converted to SiO2. 
It is well-known that carbon reacts with 
SiO2 to form SiC (ref. 2). Laboratory 
experiments on carbon/carbon with 
TEOS-derived SiO2 show small regions 
of SiC developing in both vacuum and 
argon atmospheres. This is shown in the 
photomicrograph. These three types of 
reactions are critical in understanding and 
assessing the long-term performance of 
RCC in reentry environments. 
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Robust in-space repair technologies are critically needed for the safe opera-
tion of the space shuttle as well as the repair and refurbishment of the thermal 
protection system structures of Crew Exploration Vehicles (CEV). Glenn Refrac-
tory Adhesive for Bonding and Exterior Repair (GRABER) was developed at 
the NASA Glenn Research Center for the repair of reinforced carbon/carbon 
(RCC) composite thermal protection system structures. The GRABER mate-
rial has shown multiuse capability for the in-space repair of small cracks and 
as an adhesive and sealant for RCC leading-edge material. It is a refractory 
adhesive paste with desired ceramic fillers in a polymer/phenolic resin matrix 
with appropriate additives such as surfactants. The paste, which is applied 
to the damaged or cracked area of the RCC composite components with a 
caulking gun, cures at 100 to 120 °C and transforms into a high-temperature 
ceramic during reentry conditions. 

GRABER-based materials have mul-
tifunctionality and versatility for a wide 
variety of repair applications. This material 
was developed primarily to repair small 
cracks and coating delaminations. For the 
evaluation of the plasma resistance of this 
material system, cracks were introduced 
in RCC specimens by machining slots. 
These slots (0.035-in. and 1/16-in. wide 
and 1.5-in. long) were filled with GRABER-
based repair compounds and tested in arc-
jet facilities at the NASA Johnson Space 
Center and the NASA Ames Research 
Center for approximately 15 min. All six 
samples survived the tests without any 
burn through. The photographs to the 
left show the pretest crack-repaired RCC 
specimen, views during arcjet testing, 
and post-test front-side and back-side 
macrographs. The GRABER-based repair 
materials stop the plasma flow through 
the specimen and prevent any damage. 
It is important to point out that unrepaired 
RCC specimens with similar damage had 
significant burn through because of the 
plasma oxidation of the RCC, and the 
small-crack region became a large hole, 
leading to catastrophic damage. 

As an adhesive and sealant in the patch/
plug concept, GRABER has performed 
exceptionally well in plasma torch and 
arcjet testing in simulated atmospheric 
reentry environments. The photograph 
on the next page shows a plug-repaired 
article where GRABER was used as the 
sealant. This specimen survived arcjet 
testing under simulated reentry condi-
tions. GRABER materials also are being 
used to prepare adhesive patches and 
flexible ceramic prepregs that use differ-
ent types of fabrics to repair large areas 
of damage. The fabric prepregs based 
on this material system have been used 
to make ceramic matrix composites and 
functional coatings and to repair carbon/
carbon composites for a wide variety of 
ground-based applications. Further devel-
opment and testing efforts are underway 
to optimize GRABER’s properties and 
extend the application temperature. 

Glenn Refractory Adhesive for Bonding and Exterior Repair (GRABER) 
Technology Given 2005 R&D 100 Award

RCC specimens. (a) Pretest crack-repaired RCC specimen. 
(b) Arcjet testing, front view. (c) Arcjet testing, side view. 
(d) Post-test, front-side macrograph. (e) Post-test, back-side 
macrograph.

(a)

(b) (c)

(d) (e)
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The GRABER technology was given a 2005 R&D 100 Award. This technol-
ogy also received honorable mention in Northern Ohio Live Magazine’s 25th 
Awards of Achievement in the Science and Technology Category. 

Find out more about this research:

Glenn innovations receive R&D 100 Awards:
http://www.nasa.gov/centers/glenn/news/2005/05-036_R&D_100_Awards.html

Great Lakes Industrial Technology Center (GLITeC) article about GRABER:
http://www.glitec.org/OhioLab/techSept05.htm

STSliftoff.com article about GRABER:
http://www.stsliftoff.com/rtf/glenn/pdffiles/90860main_M_1518_graber.pdf
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RCC specimen plug-repaired using GRABER 
5A as the sealant, shown after arcjet testing.

Special recognition: 
2005 R&D 100 Award; Honorable mention 
in the Science and Technology Category 
for Northern Ohio Live Magazine’s 25th 
Awards of Achievement 

On-orbit repair concepts for the space shuttle orbiter wing leading edges have 
been actively pursued since the Space Shuttle Columbia accident. Several 
teams have collaborated to design “kits” to repair damage to the reinforced 
carbon/carbon (RCC) leading edges, which can range from scratches to 
holes 16 in. in diameter. Atmospheric reentry of the orbiter imposes extreme 
requirements on the RCC as well as on any repair concepts. These 
requirements include temperatures up to 3000 °F for over 15 min in 
the presence of an extremely oxidizing plasma environment. 

One proposal for on-orbit repair of large damage areas along 
RCC leading edges is an overwrap concept utilizing a thin (0.010- to 
0.015-in.) rhenium (Re) sheet measuring 24 in. wide by 24 in. long 
(see the photograph on the right). Re possesses excellent high-
temperature strength, good low-temperature ductility, and good 
fabricability. A commercial R512E coating (made of silicon, iron, and 
chromium: 60Si-20Fe-20Cr) was chosen to protect the Re substrate 
from the harsh oxidizing environment of atmospheric reentry since 
coatings that form silicides with the refractory metal base material 
are particularly effective against catastrophic oxidation. The top fig-
ure on the next page shows that the application of the R512E on Re 
produces three distinct silicide layers in the coating. The innermost 

layer is (Re,Cr,Fe)2Si, the next columnar 
layer is (Re,Cr,Fe)Si1.8, and the outermost 
layer is a silicide with Cr and Fe as the 
major constituents. 

Flexible Metallic Overwrap Concept Evaluated for Potential On-Orbit Repair 
of Space Shuttle Leading Edges 

Overwrap concept.
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One poor characteristic of the R512E coating is that it is inherently brittle and 
could crack when the thin-gauge metallic overwrap is bent to follow the cur-
vature of the orbiter leading edges. In anticipation of this situation, a “Type A” 
sodium silicate coating is applied over the R512E; this coating effectively flows 
into the cracks at the reentry temperatures, providing additional protection for 
the refractory metal substrate. This coating performs the same function on 
the current RCC material. 
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Arcjet testing of 2.8-in.-diameter 
coated Re disks simulated the high- 
temperature oxidizing conditions expe-
rienced by the leading edge during 
reentry (greater than 3000 °F over the 
15-min test duration). Both coated Re 
concepts (Re+R512E+Type A and 
Re+Ir+R512E+Type A) passed this 
arcjet testing. The photomicrographs 
at the bottom of this page show cross 
sections of the test article in both the 
as-processed and postarcjet conditions. 
The coating effectively protected the 
substrate, and a heavy oxidation layer 
exists on the post-test surface. However, 
the other silicide layers are intact, and the 
Re substrate is essentially untouched. 

The photographs on the next page show 
both pretest and post-test conditions 
for the Re+R512E+Type A. Although 
the front side of the specimen shows 
evidence of attack, no penetration or 
failure occurred. That photograph also 
shows that 93 percent of the original 
Re substrate survived the exposure, a 
substantial safety margin. The degree 
of attack on the backside of the speci-
men was negligible. This is significant 
because the backside is adjacent to dam-
age that is targeted for repair. Results 
for the Re+Ir+R512E+Type A concept 
were similar to those for Re+R512E+ 
Type A. 

Given the successful arcjet test results, 
the Re-based concept was selected 
by the development team of the NASA 
Langley Research Center and the 
NASA Glenn Research Center for 
additional testing and scale up. Scale-
up activities underway to evaluate the 
Re+R512E+Type A concept include 
larger panel fabrication, more arcjet 
testing, and attachment concepts. 

Cross section of Re+R512E. Left: As-coated. Right: Postarcjet test.
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Rhenium with Type A
coating (pretest)

Postarcjet test
(back side)

Postarcjet test
(front side)

The Re/R512E concept passed arcjet testing, with no sample burn 
through after 1000 sec.
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There are 38 primary reaction control system (RCS) thrusters on each 
space shuttle orbiter that are used to provide attitude (pitch, yaw, and 
roll) maneuvers, as well as translation maneuvers along the orbiter 
axis. Cracking was discovered in an RCS thruster in April 2004 after a 
chamber repair and rejuvenation was performed. Relief radius cracking 
had been observed in seven thrusters in the 1970s and 1980s prior 
to flight. Because of the concern that hot combustion gases could 
leak through the cracks and damage the space shuttle orbiter, RCS 
thruster cracking was considered a “critical 1/1 failure,” meaning loss 
of vehicle with no redundancies. This concern was compounded by 
the fact that the extent of cracking damage in the thruster fleet was 
unknown, since no reliable nondestructive evaluation methods were 
available to detect cracks in thrusters installed on the vehicle. 

The NASA Engineering and Safety Center (NESC) requested that 
a materials consultation on the thruster cracking problem occur in 
parallel with the efforts of the Space Shuttle Orbiter Program Office’s 
Materials and Processing Division. The NESC team, which was led 
by the NASA Glenn Research Center, was composed of Glenn, 
NASA Langley Research Center, and NASA Marshall Space Flight 
Center scientists and engineers who conducted a detailed review 
of the relevant literature and of the documentation from the previ-
ous RCS thruster failure analyses from the 1970s and 1980s. The 
NESC team concluded from the review that the prior failure analyses 
lacked sufficient documentation to support the conclusions that stress 

Root Cause Determined for Cracking in the Niobium Reaction Control System 
Thrusters for the Space Shuttle Orbiter

RCS thruster being examined optically for cracking 
in the relief radius. 
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Electron microprobe dot maps showing the crack tip of the relief radius crack. Levels of fluorine (F), 
carbon (C), oxygen (O), and nitrogen (N) are shown within the crack, with brighter areas indicating 
higher concentrations of each element. Qualitative levels (in weight percent) are shown in the keys.
This figure is shown in color in the online version of this article (http://www.grc.nasa.gov/WWW/
RT/2005/RX/RX06-mackay.html). 

reaction products that were chemically analyzed. The lab overload region denotes the region of the fracture that was opened 
in the lab to more clearly observe key features on the crack surface. Right: Energy-dispersive spectrosocopy scan showing 
elevated levels of C, O, and F associated with the oxide nodule on the intergranular crack. 
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corrosion cracking or hot-salt cracking was the root cause of the thruster crack-
ing. Subsequently, the NESC team identified and conducted new materials 
characterization and mechanical tests focused on (1) substantiating the root 
cause of the cracking in the RCS thrusters and (2) determining if the cracks 
were likely to grow in service. Electron microprobe analyses and field emission 
scanning electron microscopy performed on thruster hardware (serial number 
120) and on niobium test specimens demonstrated that the thruster material 
was not susceptible to the root cause proposed in the earlier failure analyses. 
These in-depth analyses coupled with mechanical test results supported the 
conclusion that hydrogen embrittlement was the likely cause of cracking. 

In the second phase of the NESC consultation, an independent failure analysis 
of another thruster (serial number 132) was conducted. Examination of the 
thruster crack surfaces confirmed that the oxide features on the intergranular 
crack surfaces were similar from the crack mouth to the crack tip and that no 
changes in crack mode were observed across the fracture surfaces. This work 
contributed to the conclusions that the thruster cracking was produced during 
original manufacturing as a result of processing with fluoride-containing acids 
and that no appreciable crack growth was observed for the thrusters after 
manufacturing. This extensive examination enabled the most comprehensive 
data to be obtained on crack-depth profiles for any RCS thruster hardware 
to date and will aid in the development of both stress analyses and non-
destructive evaluation methods for in situ crack examinations. More detailed 
information on the NESC materials consultation of the thruster cracking issue 
can be found in reference 1. 
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It is envisioned that next-generation space exploration vehicles will have 
integral liquid hydrogen and liquid oxygen cryogenic fuel tanks that not 
only contain fuel, but function as load-carrying structures during launch 
and flight operations. Traditionally, metallic tanks have been used for 
housing cryogenic fluids. The advantages of such tanks include high 
strength, high stiffness, and low permeability. Presently, it appears that 
the replacement of traditional metallic cryogenic fuel tanks with polymer 
matrix composite tanks may decrease weight significantly, and hence, 
increase load-carrying capabilities (ref. 1). 

However, the tanks must be able to withstand flight loads and tem-
peratures ranging from –250 to 120 °C, without loss of cryogenic fuel 
due to microcracking or delamination. Research of the NASA Glenn 
Research Center has led to the development of epoxy-clay nanocom-
posites with up to 70-percent lower hydrogen permeability than that of 
the base epoxy resin. Filament-wound carbon-fiber-reinforced tanks 
made with this nanocomposite had a fivefold lower helium leak rate 
than the corresponding tanks made without clay. Use of these advanced 
composites would eliminate the need for a liner in composite cryotanks, 
thereby simplifying construction and reducing propellant leakage.

Epoxy and Layered Silicate Nanocomposite Tanks Produced and Tested 
for Cryogen Storage Applications

Helium permeability of Epon 826 with various 
amounts of layered silicate in comparison to the 
base resin (clay). ODA, organically modified clay 
from Michigan State University (East Lansing, MI); 
30B, Closite 30B—organically treated clay from 
Southern Clay Products (Gonzales, TX).

0 wt%
silicate
(clay)

2 wt%
ODA

2 wt%
30B

5 wt%
ODA

5 wt%
30B

6

4

2

0

H
el

iu
m

 p
er

m
ea

bi
lit

y,
 m

ba
r-

lit
er

/s
ec

8×10–7



RESEARCH AND TECHNOLOGYRESEARCH AND TECHNOLOGY

NASA GLENN RESEARCH CENTER          105                                             2005 RESEARCH AND TECHNOLOGY

The significant enhancements in barrier performance that are typically 
reported for clay nanocomposites depend on the level of separation of the 
silicate. A high level of dispersion creates a maximum path length for the 
permeating gas, thereby slowing the leak rate. As shown in the bar chart 
on the preceding page, addition of layered silicate into Epon 826 decreased 
permeability by 30- to 70-percent in comparison to the base resin. This 
reduction is common when the clay is simply added to the matrix because 
the resulting morphology is a combination of intercalated and exfoliated 
silicate layers, randomly arranged throughout the sample. It has been 
assumed that orienting the clay layers within the sample would produce 
the lowest permeability. 

Test tanks (see the photograph) were prepared, and the helium permeability 
was measured at room temperature and 25 psi. The nanocomposite matrix 
tanks showed a fivefold decrease in the helium leakage rate in comparison 
to the tank composed of a neat resin matrix. 

The coefficient of thermal expansion is an important parameter to 
consider when developing materials for composite cryogenic tanks. 
The primary cause of microcracking is the difference in the coefficient 
of thermal expansion (CTE) of the matrix and that of the reinforcing 
carbon fibers. The results (shown in the top bar chart) indicate up to a 
25-percent decrease in the CTE for the nanocomposite samples. A decrease 
in the CTE of the nanocomposite can be attributed to the fine dispersion 
and rigidity of the clay platelets in the epoxy matrix, which can inhibit the 
expansion of polymer chains as the temperature increases (ref. 2). 

Impact testing has shown that the nanocomposites have a decreased 
toughness in comparison to the base resin. This is commonly observed 
when a rigid filler is added. In this case, however, the decrease is minimal. 
The final bar chart shows the notched impact results for the neat resin and 
nanocomposites.

In summary, dispersion of layered silicate clays in two separate epoxy 
matrices reduced both the resin permeability and the CTE. The resin tough-
ness varied. However, these results, as well as preliminary data from the 
composite tank, suggest that nanocomposite materials may be well suited 
for linerless composite tanks.
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The International Space Station Flow Enclosure Accommodating Novel 
Investigations in Combustion of Solids (FEANICS) module is designed to 
perform various combustion experiments in zero gravity. The module fits 
into a chamber known as the Combustion Integrated Rack and is observed 
via eight pressurized sapphire windows as shown in the following figure. 
The FEANICS project intends to replace one of the sapphire windows with 
a 63-mm-diameter zinc selenide (ZnSe) window that will allow a laser beam 
of 10.6-μm wavelength to pass. The laser will be used to ignite materials in a 
zero-gravity environment and thereby study combustion and improve safety 
in space vehicles.

ZnSe is a soft, weak ceramic that exhibits crack growth in the presence of 
water. Furthermore, it has a large average grain size. This results in single 
grains dominating behavior by fracturing at energies lower than expected 
from data generated with macrocracks. Thus, the design of hardware, such 
as a window fabricated from polycrystalline ZnSe, requires not only the usual 
life analysis performed for fracture-critical components on the International 
Space Station, but consideration of the potential for failure from single grains. 
Unfortunately, much of the data available on ZnSe were generated by using 
large cracks spanning many grains. 

In order to design a window sufficient 
to sustain the required mission pres-
sure cycle and humidity, researchers 
at the NASA Glenn Research Center 
reviewed the literature on chemically-
vapor-deposited ZnSe (ref. 1) and rein-
terpreted it for failure from small, realistic 
flaws. The reinterpretation of the existing 
data resulted in a substantial change in 
the crack-growth parameters and the 
predicted component life. For ceramics 
and glasses, slow-crack-growth can be 
described by the equation

  ν =AK 
n          

(1)

where A and n are slow-crack-growth 
parameters and KI is the mode I applied 
stress intensity. For 100-percent humidity, 
the slow-crack-growth parameters were 
estimated as n ≈ 40 and Amacro ≈ 1000 
m/sec (MPa√m)–n for macrocrack failure 
as shown on the right side of the graph 
on the following page.

Two approaches were used to deter-
mine parameters for small-crack failure: 
(1) strength-based data were analyzed 
using small-crack-fracture energies, and 
(2) macrocrack curves were shifted to the 
small-crack region by 
     
            
          (2)

where Amacro and KICmacro are the mac-
roscopic slow-crack-growth coefficient 
and fracture toughness, respectively, 
and Asingle and KICsingle are the correspond-
ing single-crystal values.

For 100-percent humidity, the slow-crack-
growth parameters for small-crack or 
single-crystal failure were estimated 
to be n ≤ 40 and Asingle = 1020 m/sec 
(MPa√m)–n as shown on the left side 
of the graph on the following page. 

Crack-Growth Properties of Specialty Windows for the International Space 
Station Fluids and Combustion Facility Evaluated

Combustion Integrated Rack and ZnSe window assembly for use with the FEANICS 
module.
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Reasonable agreement between the strength-based data and the shifted 
macrocrack data was exhibited for both 45-percent relative humidity air and 
water, implying that equation (2) gives a reasonable estimate of crack-growth 
parameters for small cracks. 

In addition to reinterpreting the available literature, Glenn researchers meas- 
ured properties such as strength, hardness, and grain size for currently avail-
able ZnSe by testing windows similar to the actual hardware. The measured 
properties were found to be in good agreement with literature on well-polished 
test specimens. Fracture toughness was noted to vary by a factor of 3: the 
measurements ranged from 0.33 to 0.9 MPa√m, with the lower values repre-
senting failure from small flaws within grains and the larger values representing 
macroscopic cracks in dry environments. Future work may include testing of 
witness coupons manufactured concurrently with the flight window.

Crack-growth velocity v as a function of stress intensity factor KI for 
ZnSe in water. Two types of crack growth are shown: that within a single 
grain and that from a large crack encompassing many grains. DCB, 
double-cantilever beam; DT, double torsion; B–O–3B, point loading of 
circular plates supported by three balls; KIC, fracture toughness; A and 
n, slow-crack-growth parameters; r, Pearson coefficient.
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A state-of-the-art active clearance control (ACC) test rig has been fabricated 
and installed at the NASA Glenn Research Center (see the photograph). 
This rig is designed to evaluate the feasibility of implementing a fast-acting 
mechanical actuation system in the high-pressure turbine section of a modern 
jet engine to precisely adjust the clearance between the tips of rotating turbine 
blades and the sealing shroud that encases the rotor. Minimizing this clear-
ance can reduce the spill of combustion gases over the ends of the turbine 
blades, thus enhancing both the efficiency and overall performance of the 
engine. Current engines cool the outer engine case flanges to decrease the 
clearance between the blade tips and the shroud. This system, however, is 
limited by slow response times and does not monitor the dynamic, asymmetric 
blade-tip-to-shroud clearance. For this reason, clearances must be set con-
servatively during engine buildup to avoid blade-tip to seal-shroud collisions 
during extreme engine condition transients (e.g., takeoff and reacceleration), 
thus foregoing the benefits of tighter tip clearances during cruise. 

Reducing engine tip clearances by 0.010 in. would decrease specific fuel 
consumption by approximately 0.8 to 1 percent, significantly decrease nitro-
gen oxides (NOx), carbon monoxide, and carbon dioxide emissions, and 
lower exhaust gas temperature by approximately 10 °C. Additional benefits 
of tighter tip clearances include increased engine time-on-wing, decreased 
operating and maintenance costs, and increased mission range and payload 
capabilities.

The new test rig installed at Glenn 
employs a fast-acting mechanical actua-
tion system designed to improve on exist-
ing clearance-control methods (see the 
photograph). Simulated tip clearances in 
the test rig are tracked using capacitance-
based proximity probes coupled with 
nine independent mechanical actuators 
through a closed-loop control scheme. 
The actuators position the segmented 
seal carriers to achieve the desired clear-
ance levels on the basis of positional 
feedback from the proximity probes. The 
test rig simulates the geometry, tempera-
ture, and pressure differentials found in 
a high-pressure turbine section, allowing 
investigation of the candidate kinematic 
systems, seal concepts, and controls 
needed to implement the ACC system 
in an engine. 

Room-temperature testing of the ACC 
rig showed that the kinematic system 
allowed seal carrier motion over a 
0.080-in. range, which easily encom-
passes the range needed for future 
turbine engine applications. The system 
leakage was tested at pressures up to 
120 psig—comparable to pressure dif-
ferentials anticipated in future engines. 
Seal effective leakage flow area was 
comparable to an engine industry refer-
ence level. Cyclic open-loop actuation 
of the seal carriers over a 0.035-in. 
range (radially inward and outward) at 
20 psig (the load limit of current stepper 
actuators) was used to examine system 
repeatability. This test showed that the 
carriers returned to their original locations 
after 20 cycles to within the 0.001-in. 
resolution of the gauge pin measurement 
technique used. Closed-loop actuation of 
the seal carriers using proximity probe 
feedback showed that the system could 
track a simulated engine flight clearance 
profile with better than 0.001-in. accu-
racy while satisfying required clearance 
change rates (see the graphs on the 
following page).

Active Clearance Control System Concept Performance Tests Successfully 
Completed at NASA Glenn

Seal carriers
(nine each)

Actuator rod 

Test chamber 

Stepper motor

Exhaust manifold

Closeup of ACC rig showing internal components.
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(<0.001-in. error). The test was conducted at ambient temperature, 
and control was based on the minimum of the three probe read-
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The laser rigs at the NASA Glenn Research Center provide a relatively simple, 
affordable, and versatile approach to high-heat-flux testing. The laboratory 
consists of three lasers—two different 3.5-kW lasers and a 1.5-kW laser that 
has a 7.5-kW enhanced pulse capability—as well as a variety of test stations. 
These industrial carbon dioxide lasers deliver energy at 10.6 μm, an ideal 
wavelength for testing zirconia-based or other oxide ceramics because these 
ceramics tend to be opaque to that wavelength. 

The laser rigs can achieve engine-level 
transient and steady-state temperature 
and thermal gradients. A wide variety of 
test configurations have been employed, 
with the most important configuration to 
date involving the high-heat-flux test-
ing of 1-in.-diameter buttons of the type 
typically used for furnace testing. A 

Laser Rig High-Heat-Flux Testing of Thermal Barrier Coatings at NASA Glenn 
Proved To Be Especially Valuable for Testing Combustor Section Coatings
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variety of laser beam heating patterns have been employed, including uni-
form, trapezoidal, and gaussian—with the latter pattern being similar to the 
heating pattern from a torch test. 

The term “trapezoidal” refers to the cross section of a heating pattern that is 
uniform over a central region (for example, 0.75 in.) and that tapers to low 
power toward the edge of the specimen. If considered in three dimensions, 
this geometry can also be referred to as a “truncated cone.” The uniform and 
trapezoidal heating patterns employ a faceted integrating lens combined with 
specimen or lens rotation to even out irregularities in the beam pattern that 
are caused by diffraction. The maximum heat flux that can be delivered to 

the specimen generally increases as the 
heating pattern is changed from uniform 
to trapezoidal to gaussian. As a point of 
reference, the trapezoidal beam con-
figuration can routinely pass a heat flux 
of about 0.7×106 Btu/hr-ft2 (220 W/cm2) 
through the specimen, and this could 
be increased to approximately 1.0×106 
Btu/hr-ft2 (315 W/cm2) with modification 
to the beam delivery and backside cool-
ing systems. Also, thinner substrates 
and substrate roughness facilitate the 
removal of the higher heat fluxes from 
the backsides of the specimens.

In addition to durability testing, the rigs 
are usually used to measure thermal 
conductivity. The uniform beam configu-
ration provides the most straightforward 
measurement of conductivity. However, 
other beam geometries can also be 
used for conductivity measurement of 
calibration to correct for the loss of one-
dimensional heat-transfer conditions. 
One benefit from recording conductivity 
is that the plot of conductivity versus time 
is an excellent way to monitor specimen 
health. An increasing plot of conductivity 
versus time generally indicates sinter-
ing, whereas a decreasing plot generally 
indicates delamination cracking.

The rigs have proven to be especially 
useful for qualifying combustor-section 
thermal barrier coatings for engine tests. 
They can readily achieve and accurately 
monitor the required combustor-level 
heat fluxes and the thermal conditions 
of coatings and substrates in an engine. 
Also, one of the rigs can be configured 
to allow ramped heating to represent 
the heating rates that the coating would 

Example of a controlled heating rate 
approximating the heating profiles in a gas 
turbine engine.
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One of the 3.5-kW laser rigs at Glenn. The inset shows the stainless steel 
specimen holder that sandwiches a 1-in.-diameter test coupon that is held 
by loops of platinum wire.
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Example of thermal conductivity—measured in the laser rig—of two specimens, 
one that held up very well to the high-temperature exposure and another that 
failed during testing.
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experience in the engine, and an intermediate-level heat flux that represents 
idle conditions can be programmed. As a result, a heating profile can mimic 
the actual exposure of coatings in a gas turbine engine. This year, the rigs 
helped engine designers to qualify coating vendors, to demonstrate coating 
system durability, and to determine appropriate coating thicknesses. They also 
provided thermal conductivity versus time-at-temperature design data.
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Although thermal barrier coatings (TBCs), most commonly composed of 
yttria-stabilized zirconia (YSZ), provide beneficial thermal protection for 
turbine engine components, the risk of premature failure compromises the 
reliability of TBCs. Nondestructive diagnostic tools that could reliably assess 
the damage state of TBCs would alleviate the risk of premature TBC fail-
ure by indicating when the TBC needed to be replaced before the level of 
TBC damage threatened engine performance or safety. To meet this need, 
researchers at the NASA Glenn Research Center in collaboration with Penn 
State University successfully implemented a new TBC coating design that is 
self-indicating for delamination.

The figure on this page illustrates the 
concept of using luminescence sensing 
to detect TBC delamination. The YSZ 
TBC incorporates an initial sublayer that is 
doped with europium (Eu) below the over-
lying undoped YSZ. Strong luminescence 
at a wavelength of 606 nm (red) from the 
buried Eu-doped layer can be excited 
by a 532-nm (green) wavelength excita-
tion that travels through the overlying 
undoped YSZ. Luminescence enhance-
ment occurs when delamination cracks 
occur within or below the Eu-doped layer 
(see the figure). The enhanced lumines-
cence arises because of the total internal 
reflection of a large fraction of both the 
excitation and emission radiation at the 
interface between the Eu-doped layer 
and the delamination crack. 

TBCs with a 7-μm-thick Eu-doped YSZ 
sublayer beneath a 125-μm undoped 
YSZ overlayer were deposited by 
multiple-ingot electron-beam physical-
vapor deposition without disrupting TBC 
growth. To demonstrate delamination 
indication, researchers induced a local-
ized TBC delamination by scratching the 
coating with a stylus. The delaminated 
region can be faintly discriminated in 

Delamination-Indicating Thermal Barrier Coatings Using a Luminescent 
Sublayer Implemented Successfully

Undoped YSZ

Eu-doped YSZ

PtAl bond coat

Rene N5 superalloy
substrate

Delamination

532-nm
illumination

606-nm Eu3+

emission (no total
internal reflection)

606-nm Eu3+ emission
(intensified by total
internal reflection)

Concept for a TBC that is self-indicating for delamination. This TBC is trans-
lucent to 532-nm excitation, which excites europium ion (Eu3+) emission at 
606 nm from a buried Eu-doped layer. Emissions of 606-nm Eu3+ through 
the overlying undoped YSZ are enhanced by delamination-crack-induced 
total internal reflection. PtAl, platinum aluminide. 
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Delamination-indicating thermal barrier coating. Enhanced Eu3+ 606-nm lumines-
cence detected from scratch-induced delaminated region. The TBC consists of a 
7-μm-thick Eu-doped YSZ sublayer beneath a 125-μm undoped YSZ overlayer. 
Left: White light image. Right: Eu3+ luminescence image.

a standard white light image (see the left image), but it stands out strongly 
in a luminescence image because of the greatly enhanced red emission 
originating from that area (see the right image). Luminescence imaging was 
very simple to implement and can be achieved by using only a light-emitting 
diode (LED) illumination source and a camera with a bandpass filter. 

1 cm1 cm

High-resolution luminescence images 
were obtained within a few seconds 
that immediately identified regions of 
TBC delamination that would otherwise 
be difficult to detect, thereby showing 
great promise for the routine inspection 
of TBCs. Funding for this work was 
provided by the Propulsion 21 Thermal 
Management and Advanced Cooling 
Task.
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Copper-chromium (CuCr) and nickel-chromium-aluminum-yttrium (NiCrAlY) 
coatings were applied by kinetic metallization to GrCop-84 substrates (an 
advanced copper-based alloy developed at the NASA Glenn Research 
Center specifically for rocket thrust chambers, ref. 1). The coatings showed 
excellent cyclic oxidation behavior at 600 °C. In addition, the CuCr coatings 
showed excellent compatibility with the GrCop-84 substrates during thermal 
exposures. Similarly, when a CuCrAl bond coat was used with the NiCrAlY 
coating, the two-layer coating also showed excellent compatibility with the 
GrCop-84 substrate. Both coatings show outstanding potential to provide 
oxidation protection for copper-based rocket thrust chambers. 

Advanced rocket thrust chambers, such as those on the Space Shuttle Main 
Engines, are made of copper-based alloys possessing both high strength 
and high thermal conductivity. Although the high thermal conductivity allows 
the cryogenic fuel to cool the copper alloy, a thin oxide scale forms on the 
surface exposed to the hot gas. Because the gases flowing in the combus-
tion chamber are extremely turbulent, this thin oxide scale can be repeatedly 

reduced to metallic copper and reoxi-
dized in a process known as “blanching,” 
which can weaken the chamber lining. 
Consequently, coatings were explored 
to provide oxidation protection for higher 
temperature use and to eliminate this 
blanching effect. 

CuCr coatings form a protective oxide 
scale based on chromium oxide (Cr2O3) 
that is extremely stable and able to 
protect thrust chambers from blanching 
attack (ref. 2). NiCrAlY coatings, used 
routinely to provide oxidation protection 
in aeroengines, form protective alu-
mina scales with even greater stability 
than Cr2O3 and, consequently, are not 

NiCrAlY and CuCr Protective Coatings Tested for Copper-Based 
Thrust Chambers 
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susceptible to blanching. Various coating techniques have been explored to 
deposit NiCrAlY and CuCr coatings on copper-based thrust chambers. One 
technique is kinetic metallization—an impact consolidation process in which 
solid-state metallic powders are deposited without melting to produce a coat-
ing (ref. 3). An inert carrier gas, commonly helium, is used to accelerate the 
powder particles through a specially designed sonic nozzle to velocities just 
below the sonic speed of the gas. Since the powder particles are deposited 
at low temperatures and in an inert gas, there is almost no oxidation of the 
powder or substrate during deposition, an important consideration for coating 
copper-based components.

For any coating, a prime concern is adherence of the coating to the substrate. 
The best adherence results when strong metallurgical bonds form. Short dif-
fusion anneals can allow interdiffusion between the coating and substrate 
strengthening this bond. However, for certain materials, interdiffusion can result 
in the formation of porosity, known as Kirkendall porosity, at or near the inter-
face, which can degrade coating adherence. In addition to thermal exposure 
during operation, thrust chambers often undergo a higher temperature thermal 

exposure during fabrication associated 
with the brazing operation that attaches 
the liner to an outer jacket. This brazing 
operation, although short, is typically 
several hundred degrees higher than the 
normal chamber operating temperature 
and results in the greatest amount of 
interdiffusion. 

Kinetic metallization coatings were 
deposited on coupons of GrCop-84 by 
Innovative Technologies, Inc. (Inovati), 
of Goleta, California. NiCrAlY coatings, 
with and without a bond coat, as well 
as three CuCr coatings were deposited 
and evaluated. Both NiCrAlY and the 
CuCr coatings showed excellent oxida-
tion behavior during thermal cycling at 
600 °C (see the graph). In agreement 
with earlier results for similar CuCr coat-
ings (ref. 4), none of the coated samples 
showed any weight loss, in contrast to 
results for the uncoated copper alloy. 
After a simulated braze anneal (950 °C 
for 30 min), significant porosity developed 
when the NiCrAlY was deposited directly 
on the substrate (see the left image 
below). However, when a CuCrAl bond 
coat was deposited prior to the NiCrAlY 
coating, no porosity developed after 
annealing (see the center image). Simi-
larly, the CuCr coatings showed excel-  
lent compatibility with the GrCop-84 
substrates during thermal exposures, 
with no porosity observed after annealing 
(see the right image). Consequently, both 
coating systems, NiCrAlY with a CuCrAl 
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Microstructure of the coated GrCop-84 substrate after a simulated braze anneal of 950 °C for 30 min. Left: NiCrAlY applied 
directly on GrCop-84. Porosity indicated by arrows. Center: NiCrAlY with CuCrAl bond coat. Right: CuCr applied directly on 
GrCop-84. 
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bond coat, and CuCr coatings demonstrate excellent potential for protecting 
copper-based rocket thrust chambers from oxidation.  

References
1. Veazey, Matthew V.: A Paradigm Shift for Process Control? Mater. Perf., vol. 43,  
 no. 12, 2004, pp. 16–19. 

2. Chiang, K.T.; Krotz, P.D.; and Yuen, J.L.: Blanching Resistant Cu-Cr Coating by  
 Vacuum Plasma Spray. Surf. Coat. Technol., vol. 76–77, 1995, pp. 14–19.

3. Robinson, T.: Coatings: Kinetic Metallization. 2004 MDA Technology Applica-  
 tions Report, Missile Defense Agency, Advanced Applications Program, 2004,   
 pp. 36–37. http://www.inovati.com/pages/tech/pubs/publications.html#Papers

4. Ogbuji, Linus U.: Oxidation Behavior of Cu-Cr Environmental Barrier Coatings  
 on Cu-8Cr-4Nb. Surf. Coat. Technol., vol. 197, nos. 2–3, 2005, pp. 327–335. 

Find out more about the research of 
Glenn’s Durability and Protective 
Coatings Branch:
http://www.grc.nasa.gov/WWW/EDB/ 

Glenn contact: 
Dr. James A. Nesbitt, 216–433–3275, 
James.A.Nesbitt@nasa.gov 

Author:
Dr. James A. Nesbitt

Headquarters program office: 
Space Exploration 

Programs/Projects:
Constellation Systems

Single-crystal silicon carbide (SiC) microsized tensile specimens 
were fabricated with deep reactive ion etching (DRIE) in order 
to investigate the effect of stress concentration on the room-
temperature fracture strength. This was of interest because 
microsized turbomachinery that are being developed for power 
and propulsion applications rotate at very high revolutions per 
minute and, hence, operate with very high stresses. SiC is an 
excellent material choice for these harsh environment applica-
tions because of its ability to maintain strength, resist creep, 
and resist oxidation at gas turbine operating temperatures. At 
the NASA Glenn Research Center, researchers developed SiC 
microfabrication technology as well as characterization and life-
prediction design methodology. 

Our testing program had three purposes:
(1) Demonstrate the fabrication of simple structures—microten- 

 sile  specimens in this case—that have high aspect ratios 
 (vertical dimension or etch depth divided by lateral feature 
 size) with sufficient strength, surface finish, and dimensional  
 tolerance suitable for PowerMEMS (microelectromechanical systems for  
 electrical power generation). A highly directional DRIE process was used  
 to fabricate the specimens.

(2) Correlate process improvements with fracture strength response, where  
 the fracture strength is defined as the level of stress at the highest stressed  
 location in the structure at the instant of specimen rupture.

(3) Test how well the Weibull probabilistic distribution predicts the strength of  
 miniature SiC components. This was done with specimen geometries with  
 various levels of stress concentration and tested a fundamental premise  
 of Weibull theory—that strength increases as the area (or volume) under  
 the highest stress decreases.

Probabilistic Fracture Strength of High-Aspect-Ratio Silicon Carbide 
Microspecimens Predicted

3.1 mm1.3 mm

0.2 mm

1.179 mm

0.675 mm

0.1 mm

Basic schematic of the dogbone microtensile specimens 
(not to scale). The gauge section is 1.3 mm long. Left: 
Curved, without a central hole feature. Center: Circular 
hole. Right: Elliptical hole.
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and Reliability Evaluation of Structures— 
Life (CARES/Life) code with the ANSYS 
Probabilistic Design System (PDS) to 
predict the strength response of the 
specimens with stress concentration. 
Several hundred trials were run with 
ANSYS PDS with varying specimen 
dimensions (see the grid and plot, bottom 
figure, for an example of a finite element 
mesh and stress solution of a specimen 
from ANSYS PDS), and CARES/Life 
was used to predict fracture strength 
from each trial. 

The graph on the next page shows the 
results from the CARES/Life and ANSYS 
PDS simulations. Simulation results that 
used the curved specimen geometry 
strength response as a baseline to pre-
dict the strength of the specimens with 
stress concentration showed good cor-
relation for the circular-hole specimen 
geometry and some overprediction of the 
strength of the elliptical-hole specimens. 
The overprediction of strength for the 
elliptical hole specimens was likely due 
to inaccuracies of the stress solution for 
the highly localized stresses near irregu-
lar surfaces. Overall, these results tend 
to support using the Weibull distribution 
for the design and analysis of SiC micro-
electromechanical systems (MEMS) if an 
accurate stress solution can be obtained. 
Furthermore, the use of CARES/Life 
with ANSYS PDS demonstrated that 
component-level life prediction can be 
performed in a fully probabilistic design 
space. 
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Left: Example quarter-symmetry mesh. Right: Principal stress solution for the 
circular-hole specimen. Minimum stress, –43 MPa; maximum stress, 1250 MPa. 
This figure is shown in color in the online version of this article (http://www.grc.nasa.
gov/WWW/RT/2005/RX/RX13L-nemeth.html).

Specimens without a hole (and hence, with no stress concentration), with a 
circular hole, and with an elliptical hole were fabricated (see the drawing on 
the preceding page). The microtensile specimens had significant specimen-
to-specimen variations and through-the-thickness variations in dimensions 
because of the fabrication process (see the photograph above). To account 
for the specimen-to-specimen variation in strength due to the variable 
severity of flaws from the etching process and for specimen-to-specimen  
through-the-thickness variations in dimensions (each specimen had differ-
ent dimensions, and the dimensions changed from the top to the bottom of 
each specimen), researchers used the Glenn-developed Ceramics Analysis 

Cross section of a single-crystal SiC test 
specimen with a circular hole etched to a 
depth of 140 µm, as observed using a scan-
ning electron microscope. The nickel mask is 
at the top. Notice the through-the-thickness 
variation in width of the circular hole. 
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Cumulative distribution plot of CARES/Life and ANSYS PDS Monte-Carlo simulation results for the circular-
hole and elliptical-hole specimens compared with experimental data. The Weibull parameters estimated 
from the curved specimen data were used as a baseline to predict the strength response of the other 
specimen geometries.
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Carbon silicon-carbide composites (C/SiC) have been proposed for a variety 
of future spacecraft applications such as liquid engine combustion chambers, 
control surfaces, and thermal protection for reentry vehicles. The ability of 
C/SiC to maintain its strength and stiffness at high temperatures as well as its 
low density make it an attractive candidate material for these high-temperature 
applications. One shortcoming of C/SiC is that, in the presence of oxygen, 
the carbon fibers and pyrocarbon fiber coating will oxidize at elevated tem-
peratures, limiting the durability and useful life of the C/SiC component. The 
susceptibility of C/SiC to oxidation degradation does not forbid its use in future 
launch vehicle applications, as long as it can be verified through testing and 
analysis that the component will maintain its strength and stiffness throughout 
its service life, with the demonstration of sufficient safety factors. 

The physics of carbon oxidation is well 
understood, and equations to define the 
dependence of the rate of oxidation with 
temperature and oxygen partial pres-
sure have been long established (refs. 1 
and 2). However, since the temperature 
and stress state vary within the C/SiC 
component and since the local oxygen 
vapor pressure is tied to the stress state 
through the process of diffusion, the 
temperature and local oxygen partial 
pressure, and thus the oxidation rates, 

Numerical Analysis Methods Developed for Predicting the Oxidation Behavior 
in Carbon Silicon-Carbide Composite Structures
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will vary within a C/SiC component. For designers to use C/SiC components 
in future spacecraft applications, they need a design analysis tool that can 
determine the spatial distribution of the extent of oxidation and the resulting 
residual strength and stiffness in the C/SiC component as a function of the 
time, temperature, and environmental oxygen concentrations to which the 
C/SiC structure is exposed. 

A numerical method to predict the oxidation behavior and oxidation patterns 
in C/SiC composite structures was developed at the NASA Glenn Research 
Center from the mechanics of the flow of ideal gases through a porous solid 
(ref. 3). The application of flow-through-porous-media theory to the C/SiC oxi-
dation problem results in a set of two coupled nonlinear differential equations 
written in terms of the partial pressures of the oxidant and oxide. The differen-
tial equations are solved simultaneously at discrete time steps, and utilizing a 

suitable time-marching scheme, the par-
tial vapor pressures of the oxidant and 
oxides are obtained as a function of the 
spatial location and time. The local rate of 
carbon oxidation is determined using the 
map of the local oxidant partial vapor pres-
sure along with the Arrhenius rate equa-
tion. The nonlinear differential equations 
are cast into matrix equations by applying 
the Bubnov-Galerkin weighted residual 
method, allowing for the solution of the 
differential equations numerically.

Thus far, the numerical method has been 
utilized to model the carbon oxidation and 
weight loss behavior of C/SiC specimens 
during thermogravimetric experiments. 
It successfully reproduced the influence 
of temperature on the rate of carbon 
oxidation (see the top figure). In addi-
tion, it replicated the profound influence 
of temperature on the oxidation pattern 
(see the bottom figure), which has been 
observed in other experimental studies. 
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at 700 °C. Right: Test conducted at 950 °C.
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Carbon-fiber-reinforced silicon-carbide (C/SiC) composite technologies are 
being developed and advanced with the notion that they will find widespread 
use in the aerospace industry in the near future. Potential applications include 
turbine blades, combustion chambers, control surfaces, and thermal protec-
tion systems. Indeed, C/SiC composites are an attractive option for design-
ers of advanced spacecraft and advanced space propulsion systems, since 
C/SiC composites are lightweight and maintain their strength and stiffness 
at high temperatures.

However, many challenges must be overcome to advance C/SiC composite 
technologies. These composites are vulnerable to carbon fiber oxidation from 
environmental oxygen attack. Matrix microcracks formed during the fabrica-
tion process and a significant pore volume due to insufficient infiltration pro-
vide a free path for oxygen to attack the carbon fibers, resulting in the loss of 
carbon fibers and thus a reduction in composite strength and stiffness. Other 
obstacles are that the material’s stress-strain response is nonlinear even at 
low stress levels and that the material responds to stress differently in tension 
than compression. These problems are not unrelated to the carbon oxidation 
problem. They all arise from the fact that the SiC matrix in C/SiC composites 
is usually severely cracked in the as-processed state. The nonlinear stress-
strain response, the temperature-dependent properties, and the dissimilar 
response to tension and compression loading all complicate the structural 
analysis of components made of C/SiC composites. 
 
The objective of this work was to develop analysis methods that incorporate 
analytical material models into a structural solution routine. In this way, the 
complex material behavior that is inherent to C/SiC composite materials is 
accounted for in the structural analysis solution. Micromechanics-based 
material models were developed at the NASA Glenn Research Center for pre-
dicting the response properties of two C/SiC composites: a two-dimensional 
plain weave and a three-dimensional woven angle interlock architecture. The 
micromechanics-based material models were calibrated by correlating the 
predicted material response properties with the measured properties. 

Four-point beam-bending subelement 
specimens were fabricated with these two 
fiber architectures, and four-point bending 
tests were performed at room tempera-
ture and at 2000 °F. Displacements and 
strains were measured at various loca-
tions along the beam and recorded as a 
function of load magnitude. The calibrated 
material models were used in concert 
with a nonlinear finite-element solution 
using the ABAQUS (ABAQUS, Inc., Provi-
dence, RI) finite-element code to simu-
late the structural response of these two 
materials in the four-point beam-bending 
tests. The structural response predicted 
by the nonlinear analysis method, lim-
ited to an inert environment in this work, 
compared favorably with the measured 
response for both materials and for both 
test temperatures. Results showed that 
the material models scale up fairly well 
from the coupon to the subcomponent 
level. This approach presents an inte-
grated analysis, material model develop-
ment, and test approach that is providing 
the basic understanding necessary to 
characterize and utilize these materials 
in various aerospace applications. 

Design Analysis Methods Developed for Carbon-Fiber-Reinforced 
Silicon-Carbide Composite Structures 
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The NASA Glenn Research Center has developed advanced silicon carbide 
(SiC) fiber-reinforced SiC-matrix composite systems that can operate for hun-
dreds of hours under stress at temperatures to 1450 °C (2640 °F) and above. 
These SiC/SiC systems are designed to be lightweight (~30 percent of metal 
density) and, in contrast to monolithic ceramics and carbon-fiber-reinforced 
ceramic composites, to reliably retain their structural properties for long times 
under aggressive high-temperature environments. The key to developing 
these systems was to first understand the process-structure-property rela-
tionships for their potential commercial constituents: fiber, fiber architecture, 
fiber interphase coating, and matrix, and then to use this understanding to 
develop advanced processes that significantly improve the thermostructural 
performance of the constituents.

These advancements were achieved in a series of steps. First, Glenn research-
ers gained an understanding of the materials and process relationships for 
available SiC fibers. Then, they developed processes that convert commercial 
Sylramic fibers into Sylramic-iBN SiC fibers that display thermal stability to 
over 1700 °C, high tensile strength, high creep-rupture resistance, and high 
thermal conductivity, and that possess a thin in situ grown boron nitride (BN) 
surface layer for added environmental durability (ref. 1). Further capability 
was derived by understanding how the Sylramic-iBN fibers can be arranged 
in certain fiber architectures to provide thin-walled backside-cooled SiC/SiC 
components with desirable in-plane and through-the-thickness thermostruc-
tural properties (ref. 2).

Next, the interphase coatings for the Sylramic-iBN fibers were addressed. 
Because commercial chemical vapor infiltration (CVI) for conventional BN 
coatings is done at relatively low temperatures, Glenn needed to develop 
advanced processes that produce BN-based coatings that are more thermally, 
dimensionally, and environmentally stable, but still retain the prime interphase 
requirement of weak bonding with the Sylramic-iBN fiber (ref. 2). 

Finally, although SiC matrices produced 
by CVI can provide SiC/SiC composites 
with good thermal conductivity and creep-
rupture resistance, these properties are 
not optimum because current commercial 
CVI processes are typically performed 
near 1000 °C, resulting in nonstoichio-
metric matrix microstructures contain-
ing free silicon and high porosity. These 
problems were minimized through the 
development of (1) annealing treatments 
that effectively eliminate the free silicon, 
and (2) polymer-infiltration and pyrolysis 
(PIP) processes that fill the pore content 
with stoichiometric SiC, thereby allowing 
temperatures above silicon’s melting 
point (1410 °C) (refs. 2 and 3). 

The table lists some key thermostructural 
properties for two advanced SiC/SiC sys-
tems fabricated into thin-walled panels 
using Glenn’s constituent technologies. 
System A was produced by the more 
conventional two-dimensional approach 
of fabric layup, whereas System B uses 
a 2.5-dimensional architecture with a low 
content of Sylramic-iBN fibers running 
through the panel thickness. Both sys-
tems display excellent in-plane strength 
and creep-rupture properties up to 
1450 °C, but System B shows much 

Advanced SiC/SiC Ceramic Composite Systems Developed for 
High-Temperature Structural Applications
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higher through-the-thickness strength and thermal conductivity because of the 
use of state-of-the-art Sylramic-iBN fiber through the panel wall. These Glenn 
technologies are available for transfer under a NASA Space Act Agreement. 
Approaches for scale up, and further improvements have been identified.
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Advanced gas turbine engines will operate at higher temperatures than cur-
rent engines to improve engine efficiency. Consequently, the designers of 
these engines need materials that can withstand elevated temperatures and 
provide sustained performance. Ceramic matrix composites (CMCs) are the 
preferred class of materials because of their high-temperature capability and 
high specific strength. In fact, a woven, melt-infiltrated SiC/SiC composite 
was identified as a candidate combustor liner material for advanced gas tur-
bine engines (ref. 1). Since gas turbine engine components are subjected 
routinely to cyclic loads at elevated temperatures, the fatigue durability of the 
CMC needed to be characterized under different mechanical loading condi-
tions and temperatures.

At the NASA Glenn Research Center, the cumulative fatigue behavior of the 
candidate material, a woven, melt-infiltrated SiC/SiC composite, was investi-
gated. The influence of R-ratio (minimum load/maximum load in a cycle) on 
the fatigue life of the woven SiC/SiC composite (manufactured in September 
1999 and designated as N22) was initially established by conducting fatigue 
tests at R-ratios of 0.05 and 0.50. Two test temperatures (1038 and 1204 °C) 
were used, and five tests were conducted for each temperature and R-ratio 
combination. Tensile properties of the CMC at these two temperatures are 
reported in reference 2. For all the fatigue tests, a maximum stress of  
179 MPa (which is higher than the proportional limit strength of the CMC at 
both temperatures) and a frequency of 0.33 Hz were used. At both tempera-
tures, higher R-ratio tests (with larger mean stresses) yielded longer fatigue 
lives than lower R-ratio tests (see the bar chart). The error bars in the bar 
chart represent observed scatter in the fatigue life data.

Cumulative fatigue tests, at an R-ratio 
of 0.05 followed by an R-ratio of 0.50 on 
the same specimen, were subsequently 
conducted at the same two temperatures. 
In these tests, a life fraction n1/N1 (where 
n1 is the number of applied cycles and 
N1 is the previously established average 
cyclic life) of 0.1, 0.25, and so forth, was 

Cumulative Fatigue Behavior Investigated for a Woven, Melt-Infiltrated 
SiC/SiC Composite
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first applied at an R-ratio of 0.05. Each test was then switched to an 
R-ratio of 0.50 and continued until the specimen failed or accumulated 
106 cycles (runout) at the second loading condition. The number of cycles 
sustained by the specimen at the second loading condition n2 and the 
corresponding average cyclic life N2 were used to calculate the second 
life fraction n2/N2 and to analyze the cumulative fatigue data (see the  
graph). In this graph, the initial life fraction n1/N1 is plotted against the 
sum of life fractions, (n1/N1) + (n2/N2), from both loading conditions, and 
the upward arrow indicates a runout. Miner’s linear damage rule, devel-
oped originally for metallic alloys, dictates that the sum of life fractions 
should be near unity for cumulative fatigue tests. For the loading condi-
tions investigated, the majority of the cumulative fatigue data (except 
for two tests) were above unity, indicating that Miner’s rule constituted a 
lower bound for this CMC in most cases. 

References 
1. Brewer, David: HSR/EPM Combustor Materials Development Program. 
 Materi. Sci. Eng., vol. A261, 1999, pp. 284–291.

2. Kalluri, Sreeramesh; Calomino, Anthony M.; and Brewer, David N.: Comparison  
 of Elevated Temperature Tensile Properties and Fatigue Behavior of Two 
 Variants of a Woven SiC/SiC Composite. Ceram. Eng. Sci. Proc. vol. 26, no. 2,  
 2005, pp. 303–310.

Ohio Aerospace Institute (OAI) contact: 
Dr. Sreeramesh Kalluri, 216–433–6727, Sreeramesh.Kalluri@nasa.gov

Glenn contact: 
Dr. Anthony M. Calomino, 216–433–3311, Anthony.M.Calomino@nasa.gov

U.S. Army Research Laboratory at Glenn contact:
David N. Brewer, 216–433–3304, David.N.Brewer@nasa.gov

Advanced multicomponent thermal and environmental barrier coatings were 
developed at the NASA Glenn Research Center for low-emission SiC/SiC 
ceramic matrix composite (CMC) combustor liner and vane applications by 
extending the component temperature capability to 1650 °C (3000 °F) in oxi-
dizing and water-vapor-containing combustion environments (refs. 1 to 4). 
The coating systems demonstrated improved phase stability, lower lattice 
and radiation thermal conductivity, and improved sintering and thermal stress 
resistance under simulated engine heat-flux and thermal cycling conditions. 
These improvements were due largely to the defect-clustering structures, 
which are purposely designed to promote the creation of thermodynamically 
stable oxide defect clusters and/or nanophases within the coating systems. 

The top figure on the next page is a 
high-resolution transmission-electron-
microscopy lattice image that reveals 
atomic-level defect clusters through moiré 
patterns in a plasma-sprayed multicom-
ponent HfO2-(Y,Nd,Yb)2O3 coating. This 
is the first time that defect clusters have 
been characterized and demonstrated 
for advanced HfO2 systems.

As mapped in the left graph on the 
next page, the thermal conductivity of 

Multicomponent Hafnia-Based Oxide Systems Developed, Characterized, 
and Evaluated for Advanced Ceramic-Matrix-Composite Barrier-Coating 
Applications
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plasma-sprayed HfO2-based coatings was determined by a laser heat-flux 
technique at 1650 °C. The initial thermal conductivity and 20-hr sintering ther-
mal conductivity of the HfO2-Y2O3 coatings generally decreases as the Y2O3 
concentration increases, indicating that thermal stability increases with Y2O3 
content. However, as shown in this example, the advanced, multicomponent 
rare-earth-doped HfO2-(Y,Nd,Yb)2O3 coatings achieved even lower thermal 
conductivity and greater thermal stability than the HfO2-Y2O3 pseudobinary 
oxide systems.

Multicomponent HfO2-18mol%(Y,Gd,Yb)2O3/rare-
earth-doped mullite/HfO2-based thermal and environ-
mental barrier coating systems demonstrated 300-hr 
long-term 1650 °C sintering and cyclic durability on a 
SiC/SiC CMC substrate under thermal gradient cyclic 
testing. Surface temperature, 1650 °C (3000 °F); inter-
face temperature, 1316 °C (2400 °F).

5 nm

High-resolution transmission-electron-microscopy lattice image 
with moiré patterns that indicate defect clusters in a plasma-
sprayed HfO2-(Y,Nd,Yb)2O3 coating.

Thermal conductivity of plasma-sprayed HfO2-based coatings 
determined by a laser heat-flux technique.
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The multicomponent HfO2-based coat-
ings demonstrated long-term cyclic 
durability and water vapor stability. The 
graph on the right illustrates the dura-
bility exhibited by the multicomponent 
HfO2-18mol%(Y,Gd,Yb)2O3 coating on 
a modified mullite/mullite + 20wt%BSAS/
Si environmental barrier coating (EBC) 
system during 1650 °C thermal cycling 
testing. The coating system possessed 
a relatively low and stable thermal con-
ductivity, without visual damage after 
the testing, demonstrating sintering 
stability and cyclic durability on SiC/SiC 
composites under the thermal-gradient 
cyclic-testing conditions (300 hr at 
1650 °C). In addition, 6-atm high- 
pressure burner rig results (see the 
figure on the next page) indicated the 
excellent water vapor stability of the 
coating system in burner rig combus-
tion environments. Continued coating 
system development is underway to fur-  
ther improve the coating temperature 
capability and durability under simulated 
engine environments while reducing the 
overall coating thickness and surface 
roughness. 
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Multicomponent HfO2-(Y,Gd,Yb)2O3/rare-earth-doped mullite/Si thermal and envi-
ronmental barrier coating systems demonstrated excellent water vapor stability and 
durability in high-pressure burner rig testing environments. Gas temperature, 
1454 °C (2650 °F) at 6 atm; gas velocity, 25 m/sec. Left: Weight changes versus 
time. Right: Specimen after testing.
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Melt-infiltrated SiC/SiC composites are emerging as the leading material for 
shrouds, vanes, and combustor liners in commercial gas turbines because of 
their high thermal conductivity and excellent thermal shock resistance, creep 
resistance, and oxidation resistance in comparison to other ceramic matrix 
composites and to the nickel- and cobalt-based superalloys used in current 
engines. One risk that can significantly reduce the lives of the SiC/SiC com-
posites in an engine environment is the lack of environmental durability in 
the presence of water vapor. Oxide coatings have shown promise in provid-
ing environmental protection for these SiC/SiC composites because of their 
resistance to corrosive environments up to 1250 °C. To further extend the 
thermal capability of SiC/SiC ceramic composite components to the hot-wall 
surface temperatures (up to 1650 °C), researchers are developing thermal 
and environmental barrier coatings (TEBCs) under the NASA Ultra-Efficient 
Engine Technology (UEET) Project.

At the NASA Glenn Research Center, 
baseline plasma-sprayed yttria-stabi-
lized zirconia (YSZ: ZrO2-8wt%Y2O3) 
thermal barrier coatings (TBCs) and 
BSAS+mullite/Si layered environmental 
barrier coatings (EBCs) showed excel-
lent adherence to SiC/SiC ceramic matrix 
composite substrates under thermal 
cycling in burner rig tests up to 1250 °C 
(ref. 1). However, the same coating sys-
tem tested to higher temperatures (up to 
1480 °C), especially under a temperature 
gradient, resulted in coating-delamination 
failures (as seen in the following figure) 
that were attributed to an increase in the 

Crack-Driving Forces Investigated in a Multilayered Coating System for 
Ceramic Matrix Composite Substrates
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Typical observed cracking in multilayered coating systems. 

crack-driving forces in the coating. Therefore, research is being performed to 
develop advanced TEBC coating systems that can last for the tens of thou-
sands hours required for gas turbine applications. The ideal TEBC system 
should have low thermal conductivity, good high-temperature stability, and 
resistance to sintering.

The effects of temperature gradients and coating configurations were analyzed 
using finite-element analysis models based on the observed cracking in a YSZ 
baseline TEBC system (ref. 2). The crack-driving forces as a function of crack 
length, coating layer thickness, top coating modulus, and sintering time were 
synthesized to provide insight into the material properties required in minimizing 
the cracking and delamination observed in the baseline TEBC protecting system 
for SiC/SiC composite material. The variation of the effective stress intensity 
factor (SIF) with sintering time was calculated as a function of the TBC elastic 
modulus. The analysis assumed a constant crack length of 0.5 mm in the TBC 
layer for a TEBC geometric construction of a 0.381-mm-thick 
TBC layer and a 0.254-mm-thick EBC under the thermal gra-
dient condition. The effective SIF increased with increasing 
TBC modulus starting from 1 MPa-m1/2 for a TBC modulus 
of 5 GPa to well above 10 MPa-m1/2 for a TBC modulus 
of 50 GPa (above any measured fracture toughness KIC 
of plasma-sprayed YSZ; see the graph). As the TBC layer 
sintered during exposure, the effective SIF increased with 
time upon cooldown. The crack-driving forces increased 
quickly within the first 50 hr of exposure and then increased 
more gradually with increasing time. The initial rise of the SIF 
was gentler for a low-modulus TBC material in the range of 
5 to 10 GPa and was steeper for the higher modulus TBC 
(20 to 50 GPa). The results show that highly compliant 
materials are desirable in a TEBC system to accommodate 
the coefficient of thermal expansion mismatch and the 
temperature gradient.
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An advanced docking and berthing system (ADBS) is being devel-
oped by the NASA Johnson Space Center to support future missions 
in NASA’s vision for space exploration. This mechanism would serve 
as an interface between pressurized manned and autonomous mod-
ules to join space vehicles and structures. The ADBS will improve the 
functionality of mechanisms currently in use for the human explora-
tion of space.

All docking and berthing mechanisms currently in use, including 
the common berthing mechanism used on the International Space 
Station, are composed of two nonidentical halves, which limit their 
functionality to mating only with structures having the opposite con-
figuration interface. The ADBS, however, is an androgynous system, 
such that each system half is an identical replicate of any other, and 
any two vehicles or modules each having an ADBS can mate with 
the other without regard to gender. In addition, the ADBS system is 
designed to perform docking and berthing types of mating, such that 
both manned and unmanned autonomous vehicles and structures 
can be joined.

The androgynous nature of the ADBS, however, creates challenges 
for the sealing interface between the two pressurized modules. Since 
each system half is an exact replicate of its mating counterpart, the 
gas seals must seal against each other instead of against a conven-
tional flat surface. The NASA Glenn Research Center is supporting 
this project by developing the gas seals for the ADBS system.

The environmental operating temperatures to which the ADBS will be 
exposed are expected to be –50 to 50 °C (–58 to 122 °F). Therefore, 
the elastomeric compound from which the seal is manufactured must 
remain compliant at temperatures below the minimum operating tem-
perature of –50 °C (–58 °F). Since silicone rubber is the only class of 
elastomer that encompasses that temperature range and is commonly 
molded into seals, this study focused on three elastomers within the 
silicone class. An additional requirement is that the seal material be 
classified as a low-outgassing compound, per ASTM E595, having a 
total mass loss less than 1.0 percent and collected volatile condens-
able materials less than 0.1 percent.

The unconventional interaction between the gas seals makes the 
adhesion between two similar elastomers very important. If the 
adhesion forces between the seals are too great, the seals will not 
allow the space structures and vehicles to separate from one another 
without dislodging one of the two systems’ seals. The removal of one 
of the seals would render the attachment point useless and must be 
avoided, so Glenn researchers used an adhesion test to quantify 
these adhesion forces (see the top graph).

The ADBS is also designed for a service life of 5 to 10 years. During its life-
span, the system is expected to undergo many mating-demating cycles, 
while being continuously exposed to the space environment. Since the seals 
would be compressed during each mating cycle and released during each 

Silicone Elastomers Evaluated for Sealing Applications in Space Environments
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vehicle separation, the ability of the seal’s elastomer compound to retain its 
elastic properties after prolonged compression is important. Glenn research-
ers used a compression set test to quantify this ability (see the bar chart on 
the preceding page).

Planned future work includes exposing the silicone elastomers to atomic oxy-
gen and ultraviolet radiation to simulate time on orbit. The samples are then 
to be subjected to compression set, adhesion, and leakage tests to determine 
the effects of space environment exposure.

Find out more about Glenn’s structural seal and thermal barriers research:
http://www.grc.nasa.gov/WWW/structuralseal/ 
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Because of their low density and insulating properties, silica aerogels are attrac-
tive candidates for many thermal, optical, electrical, and chemical applications. 
However, their inherent fragility has restricted the use of such materials to, for 
example, insulation in only extreme temperature environments, such as Mars. 
Future space exploration missions demand lighter-weight, robust, dual-purpose 
materials for insulation, radiation protection, and structural members of habitats, 
rovers, astronaut suits, and other items. Previous work at the NASA Glenn 
Research Center showed that covalently bonding a polymer coating to the 
surface of a silica framework before supercritical drying occurred would rein-
force the aerogels and increase their strength in comparison to uncrosslinked 
aerogels with a similar silica framework. Previously, polymer crosslinked aero-
gels had been reported with density ranges of 0.2 to 0.5 g/cm3. 

In 2005, Glenn carried out a study to systematically adjust processing 
variables to control the macroscopic properties of polymer crosslinked aerogels 
with much lower densities. These materials may not be suitable as structural 
materials, but they maintain some mechanical integrity over uncrosslinked 
silica aerogels of similar density and are superior insulating materials. 

In the study, researchers varied the concentration of the silanes in the start-
ing gel, the concentration of polymer crosslink (di-isocyanate) that the gels 
were exposed to, and the reaction temperature. Then, the resulting gels were 
characterized for a variety of properties. Empirical models were derived from 
these measurements so that significant effects of the variables on the meas- 
ured properties could be discerned. The top graphs on the next page show 
the empirical models for density and stress at break. As evidenced from these 
graphs, temperature has a pronounced effect on both measured responses. 
Density and maximum stress were higher for all combinations of both polymer 
concentration and silane concentration when the materials were cured at the 
higher temperature. Density and maximum stress at break both increased with 
increasing silane concentration as well. As is also evident from these graphs, 
increasing the di-isocyanate concentration had a pronounced effect on stress, 

strongly increasing the maximum stress 
at break. Although its effect on density 
was modest, it was still statistically sig-
nificant. 
 
Within the bounds of the present study, 
the highest density crosslinked aerogel 
produced the highest maximum stress 
at break. Stress at break for these aero-
gels was 350 times stronger than for the 
corresponding uncrosslinked aerogel, 
whereas density only increased by a 
factor of 2. The lowest density cross-
linked aerogels still exhibited a fortyfold 
increase in stress at break over the corre-
sponding uncrosslinked aerogels with the 
same twofold increase in density. These 
aerogels boasted a nominal density of 
0.036 g/cm3 and were flexible. 

The models can be used to predict prop-
erties of monoliths prepared using other 
polymer and silane combinations. This is 
shown in the bottom graphs on the next 
page. The graphs show slices from the 
three-dimensional surfaces of monoliths 
that were density and maximum stress 
cured at 71 °C and of monoliths that were 
made using no polymer, 6 wt% polymer, 
and 13 wt% polymer. For example, it may 
be desirable for a particular application 
to make a polymer crosslinked aerogel 

Densities of Polymer Crosslinked Aerogels Minimized
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with the lowest possible density and a maximum stress at break of at 
least 1×106 N/m2. The point at position A shows that this aerogel would 
have to be made using about 24.5 wt% silane and 13 wt% polymer, 
and that the density of this aerogel would be a little above 0.4 g/cm3. 
If a lower strength could be tolerated (1×106 N/m2, for example), aero-
gel B, which can be made from 7.5 wt% silane and 6 wt% polymer is 
predicted to have a density of a little over 0.1 g/cm3.

This method of picking and choosing the desired aerogel properties for 
a given application can be expanded upon by quantifying for a broader 
range of processing conditions (for example, varying the amount of 
water, catalyst, washings, etc.) and for a host of other properties such 
as thermal conductivity, compressive strength, density, and modulus 
and stress at break. This would enable researchers to tailor the materi-
als for a wide variety of applications. 

Find out more about the research of Glenn’s Durability and Protective 
Coatings Branch:
http://www.grc.nasa.gov/WWW/EDB/
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There has been a considerable interest in the development of highly con-
jugated organic materials for use in molecular sensors and electronics, flat 
panel displays, solid-state lighting, and lightweight photovoltaics. Perylenes 
(see the top figure), primarily perylene bisimides, are one class of conjugated 
organics that has received particular attention for these applications. These 
compounds absorb and emit in the visible region of the spectrum and have 
large photoluminescence and electroluminescence efficiencies, making them 
well suited for many of the applications mentioned. All perylene bisimides 
reported to date have been linear systems prepared by conventional imidiza-
tion chemistry. 

In fiscal year 2005, researchers from the NASA Glenn Research Center and 
the Ohio Aerospace Institute (OAI) developed a new synthetic approach that 
enables the preparation of a novel class of Z-shaped perylene bisimides (see 
the top figure). This new approach offers greater flexibility in the types of per-
ylene bisimides that can be prepared and enables the “tuning” of the electronic 

and optical properties of 
these molecules by the 
placement of appropriate 
groups on the sides and 
ends of the perylene. In 
addition, these bisimides 
can be readily incorpo-
rated into polymers both 
at the imide rings and on 
the pendant groups. 

Like conventional linear perylene 
bisimides, these new Z-shaped systems 
have absorption in the visible region of 
the spectrum and exhibit intense fluores-
cence. An example of the absorption and 
emission spectra of one of these dyes is 
shown in the bottom figure. In solution and 
doped into a polystyrene film, this dye 
exhibits a bright lime-green fluorescence 
(see the inset). Unlike conventional per-
ylene bisimides, a pure solid sample of 
this new bisimide has a reddish-orange 
fluorescence. This change in color is due 
to the formation of excited-state com-
plexes in which the perylene molecules 
stack one on top of the other. It should 
be possible to exploit this behavior in the 
development of “molecular strain gauges” 
by incorporating these perylene stacks 
into a polymer film that could change color 
from orange to green when stretched. 

These materials are under further devel-
opment for use in electroluminescent 
polymers for solid-state lighting and 
displays for spacecraft and aircraft, fluo-
rescent dyes for chemical sensors, and 
electrically conductive polymers for use 
in molecular electronic devices. 

Find out more about the research of 
Glenn’s Polymers Branch: 
http://www.grc.nasa.gov/WWW/5000/ 
materials/polymers/
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New Perylene Dye Prepared

Comparison of the chemical structure of a conventional “linear” perylene 
bisimide with that of the new Z-shaped perylene bisimide.
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Adaptive materials are finding considerable interest because of their ability 
to change shape under an applied stimulus, such as an electric current or 
heat. These materials have a broad range of aerospace applications ranging 
from the deployment of large-area solar arrays and antennas for satellites to 
“morphing” aircraft. A considerable amount of work has focused on the develop-
ment of piezoelectric polymers that can change shape under an applied electric 
current. More recently, researchers have demonstrated that liquid crystalline 
elastomers that are doped with a photochromic dye will also change shape 
(bend) when exposed to ultraviolet light of a certain wavelength. Upon irradia-
tion, the photochromic dye changes shape, disrupts the packing of the liquid 
crystalline elastomers, and causes the polymer film to bend. These materials, 
known as photomechanical polymers, offer some distinct advantages over 
piezoelectric systems. They have faster response times, are not sensitive to 
electromagnetic interference, and are more compatible with the advanced 
fly-by-light (fly-by-fiber) approaches being proposed for future aircraft.

Researchers at the NASA Glenn Research Center have developed a new 
class of photomechanical polymers that incorporate a photochromic unit into a 
series of rod-coil block copolymers. These materials are designed to undergo 
a controlled phase separation leading to regions of highly ordered rods and 
coils (see the chemical diagram). Incorporation of the photochromic unit as 
part of the rods leads to an ordered environment similar to that in liquid crys-
talline materials. The advantage of this approach over previously reported 
dye-doped systems is that attachment of the dye to the polymer chain enables 
the control of its placement within the film and ensures that the dye does not 
leach out or evaporate during use. 

The photographs show a film from one of these polymers before irradiation 
(top) and after 15 min irradiation with short-wavelength (200- to 400-nm) 
light (center). After just a few minutes of short-wavelength irradiation, the film 

begins to display signs of curling, and 
after 15 min it has nearly curled into a 
cylinder. Irradiation of the curled film with 
longer wavelength (400- to 500-nm) ultra-
violet light causes the film to relax, and 
it becomes flat again (bottom). Further 
modifications of these polymers and a 
more thorough investigation of the pho-
tomechanical effects in these materials 
are underway. 

Polymers Developed That Change Shape When Exposed to Ultraviolet LIght
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Top: Polymer film before irradiation. Cen-
ter: Polymer film after irradiation at 200 to 
400 nm. Bottom: Polymer film after irradia-
tion at 400 to 500 nm. Initially, the film is 
flat and has some surface roughness; upon 
irradiation, the sample begins to curl; irra-
diation with longer wavelength light causes 
the film to flatten out. Surprisingly, the films 
are now smooth.
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Find out more about the research of Glenn’s Polymers Branch: 
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Conventional titanium alloys have poor tribological properties because they 
are chemically active and exhibit strong adhesion when in contact with them-
selves and other materials (ref. 1). This adhesion causes high friction and 
ultimately galling, which results in heavy surface damage—such as the Galileo 
spacecraft’s high-gain antenna (which could not deploy because the titanium 
alloy component on the antenna was stuck to a nickel-base superalloy com-
ponent) and severe galling and fretting on titanium-based alloy fan blade-disk 
couples in fan engine aircraft propulsion systems (ref. 2). 

The NASA Glenn Research Center and the Air Force Research Laboratory 
have been working to reduce fretting wear and fatigue damage in titanium 
alloys, particularly Ti-6Al-4V. The tribological properties of monolithic Ti-6Al-4V 
alloy can be improved by the application of an advanced solid-film lubricant, 

such as a multiwalled carbon nanotube 
(MWNT) coating (see the photomicro- 
graphs). Such advanced solid-film lubri-
cants may decrease adhesion and sub-
sequent galling and may increase wear 
resistance under fretting conditions. 
This study investigated whether or not 
solid-film lubricants could decrease the 
wear and galling of Ti-6Al-4V in cyclic 
relative motion. 

Solid-Film Lubricants Tested for Galling and Wear Protection of Ti-6Al-4V 
Under Fretting Conditions in NASA and Department of Defense 
Aerospace Applications

200 nm 5 nm

High-resolution transmission electron micrographs of dispersed MWNTs. Left: Overview. Right: Details.



NASA GLENN RESEARCH CENTER          132                                              2005 RESEARCH AND TECHNOLOGY

RESEARCH AND TECHNOLOGYRESEARCH AND TECHNOLOGY

Fretting experiments in cyclic relative motion were conducted with 10-wt% 
TiC/Ti-6Al-4V hemispherical pins in contact with solid-film lubricants—MWNTs, 
diamondlike carbon (DLC), MoS2, and graphitelike carbon (GLC)—coated on 
Ti-6Al-4V disks and also in contact with bare alloy disks of Ti-6Al-4V, Ti-48Al-
2Cr-2Nb, and nickel-based superalloy 718. All experiments were conducted 
at a load of 1.0 N, a frequency of 80 Hz, and a slip amplitude of 50 μm for 
1 hr at 296, 423, and 523 K in air. The TiC/Ti-6Al-4V composite was used 
for the counterpart pin specimens because uniformly distributed particle-
strengthened titanium matrix composites can now be produced at a cost lower 
than for many continuous-fiber composites (refs. 3 and 4). 
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Fretting wear volume loss at 296 K in air for TiC/Ti-6Al-4V pins in cyclic relative motion 
contact with different disk materials: Ti-6Al-4V coated with MWNTs, DLC, MoS2, and GLC, 
and bare Ti-6Al-4V, Ti-48Al-2Cr-2Nb, and nickel-base superalloy 718. Top: Volume loss of 
pins. Bottom: Volume loss of disks.

The bar graphs show the pin and disk 
wear volume losses. All the solid-film 
lubricant coatings dramatically improved 
the wear of both the pin and disk. The 
MWNT coating reduced pin and disk 
wear so much that they were almost not 
measurable. When an MWNT-coated 
Ti-6Al-4V substrate disk was brought into 
contact with a composite TiC/Ti-6Al-4V 
pin under fretting, strong bonds were 
formed between the MWNTs and the 
composite, protecting both the pin and 

disk from wear. Scanning electron 
microscopy indicated that the entire 
contact area of the pin contained 
transferred MWNTs, and the contact 
area of the MWNT-coated Ti-6Al-4V 
disk contained residual MWNT coat-
ing. The wear volume losses for both 
the pin and disk were much lower 
than 10–6 mm3. 

The wear volume loss of a compos-
ite TiC/Ti-6Al-4V pin fretted against 
DLC/Cr-, MoS2/Ti-, and GLC/Cr-
coated Ti6Al-4V disks was 1/274th, 
1/251st, and 1/247th, respectively, 
of that fretted against bare Ti-6Al-
4V. The wear volume loss of the pin 
fretted against DLC-coated Ti-6Al-4V 
was 2.8×10–6 mm3, whereas that of 
the pin slid against bare Ti-6Al-4V 
was 7.810–4 mm3. The wear vol-
ume loss of DLC/Cr-, MoS2/Ti-, and 
GLC/Cr-coated Ti-6Al-4V disks was 
1/88th, 1/64th, and 1/10th, respec-
tively, of that of bare Ti-6Al-4V.

When solid-film lubricants were 
applied to Ti-6Al-4V, alloy-to-alloy 
contact was avoided, and no gall-
ing occurred in the contacts during 
fretting. When bare alloy disks were 
brought into contact with TiC/T- 
6Al-4V, however, strong adhesion, 
galling, and severe fretting damage 
occurred in the contacts. This inves-
tigation indicates that solid-film lubri-
cants may be suitable antigalling and 
antiwear films for aerospace applica-
tions under fretting conditions.
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Impact damage from ice is a potential problem in many aerospace and 
industrial applications, including jet engines and airframes, ground-based 
turbomachinery, and spacecraft launch systems. In particular, ice impact 
damage is considered a serious threat to the space shuttles because of the 
potential damage that can result when ice formed on the external fuel tank 
sheds during launch. As part of NASA’s return-to-flight effort, a test program 
was conducted at NASA Glenn Research Center’s Ballistic Impact Facility to 
study the impact behavior of ice projectiles. The objectives of the study were 
to measure the forces generated by different types of ice, both to quantify the 
damage potential and to generate data to aid in developing computational 
models to simulate ice impact.

Ice, in its solid form, is a crystalline material that can be made up of single 
or multiple grains. In practical applications, ice can be solid (fully dense) or 
be partially filled with air in the form of bubbles. The effect of the granular 
makeup and density on the strength of ice was one of the phenomena to be 
quantified in this study.

Forces due to ice impact were measured by firing ice projectiles at a single 
piezoelectric load cell assembly oriented at incidence angles of both 90° and 
45°. The ice projectiles were cylinders of various sizes, ranging in diameter 
from 0.44 (7/16) to 1.25 in. and in length from 1.5 to 3.3 in. These projectiles 
were accelerated by a 12-ft-long, 2-in.-diameter gas gun using a polycarbon-
ate sabot. Impact velocities were in the range of 300 to 800 ft/sec. All tests 
were conducted in a vacuum.

Initial tests were conducted to observe 
the fracture behavior of ice. Using a digital 
high-speed imaging system, running at 
260,010 frames/sec, Glenn research-
ers studied the impact of ice on a solid 
aluminum target (see the photographs). 
We found that, in the range of impact 
velocities of interest, the speed of a 
fracture wave is much greater than the 
impact velocity. The practical implication 
of this is that the projectile completely 
fractures as soon as the impact occurs, 
and in the velocity range of this study, 
the structural properties of the ice have 
little effect on the impact force. This 
was supported by experimental results, 
which demonstrated that the measured 
impact forces were quite repeatable from 
test to test, and that the response was 
not dependent on the granular makeup 
(see the graph). The measured force, 
however, was directly dependent on the 
density of ice, as was expected.

Forces Generated by the Ballistic Impact of Ice Evaluated
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Results of these experiments were used 
to develop computational models that 
accurately predict ice impact damage 
in structures. The techniques developed 
also were used under a reimbursable 
space act agreement to successfully 
evaluate design changes in industrial 
airfoils that significantly reduce the dam-
age due to ice impact.
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A series of five images taken at the moment of impact, showing the progression 
of a fracture wave in ice. The fracture wave traveled approximately 1.92 in. in 
15.38 μsec, or 10,400 ft/sec.

Forces measured from impacts involving three types of ice: single-crystal (one grain), columnar (multiple grains 
elongated over the whole length), and polycrystalline (randomly oriented equiaxed grains). Impact velocity was 
approximately 700 ft/sec. There was no significant difference in the response from the three types of ice.
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As operating temperatures of gas turbine engines increase, there is a need 
for superalloy turbine disks that can operate with rim temperatures in excess 
of 1300 °F. To meet this need, a new generation of nickel-base superalloys, 
such as ME3, Alloy 10, and LSHR, has been developed. These alloys all 
contain a high percentage of gamma-prime precipitates, Ni3Al, and refractory 
element additions to achieve strength at temperature. Although they provide 
advantages over older alloys, the continuing need for high tensile strength at 
intermediate temperatures in the bore of a disk, which runs much cooler than 
the rim, as well as high creep strength in the rim also demands innovative 
heat treatments that can optimize bore and rim properties. 

Traditional heat treatments produce fine-grain disks when the solution tempera-
ture is maintained below the gamma-prime solvus and produce coarse-grain 
disks when the solution temperature is maintained above the gamma-prime 
solvus. Fine-grain disks yield high strength at intermediate temperatures, 
whereas coarse-grain disks yield high creep strength at elevated temperatures. 
Recently, several advanced heat-treatment technologies have been developed 
that can produce a superalloy disk with a fine-grain bore and a coarse-grain 
rim. Tradeoff studies by GE Aircraft Engines and Allison Advanced Develop-
ment Company (AADC) have identified the potential advantages offered by 
superalloy disks that employ a dual grain structure for advanced gas turbine 
engine applications. The GE Aircraft Engines report cited reduced fatigue for a 
disk with a dual grain structure in comparison to a coarse-grain disk, whereas 
the AADC report cited a creep benefit for a disk with a dual grain structure in 
comparison to a fine-grain disk.

One of the advanced heat-treatment 
technologies for producing superalloy 
disks with a dual grain structure was 
developed by the NASA Glenn Research 
Center to minimize cost and production 
problems. This process, known as dual 
microstructure heat treatment, or DMHT, 
has been demonstrated for a variety 
of disk shapes and sizes at the Ladish 
Company and Pratt & Whitney’s Forging 
Part Center. The basic concept behind 
the DMHT process utilizes the thermal 
gradient between the interior and exterior 
of the forging during the initial phase of a 
conventional heat treatment to develop 
a dual grain structure. By enhancing 
the thermal gradient with insulated heat 
sinks placed on the top and bottom 
surface of the forging, researchers can 
obtain the desired dual grain structure by 
using a conventional gas-fired furnace 
maintained at a temperature above the 
gamma prime solvus of the alloy. The 
forging and heat sink package is placed 

Advanced Heat Treatment Technology for Superalloy Disks Verified

Top: Etched sections of DMHT forgings showing dual grain structure. Bottom: Hardware and furnace used 
to produce DMHT disks.
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in the hot furnace; it is removed when the outer periphery of the forging has 
exceeded the solvus but before the center of the forging reaches the solvus, 
thereby producing the desired dual grain structure. The effect of DMHT proc- 
essing on tensile and creep properties has been demonstrated using test 
coupons machined from disk forgings as well as spin testing of DMHT disks. 
These tests have confirmed the strength benefits of a fine-grain bore and the 
enhanced creep resistance of a coarse-grain rim. 

More recently, the fatigue performance of DMHT disks was studied using 
test coupons machined from disk forgings and cyclic spin testing of DMHT 
disks. The coupon testing confirmed the enhanced fatigue resistance associ-
ated with a fine-grain bore. Cyclic spin testing of DMHT disks was performed 
with two goals in mind. First, the grain-size transition zone was intentionally 
loaded to high stress levels by employing web holes in the disk that bisected 
the grain-size transition zone. Second, the fatigue lives of the DMHT disks 
were estimated using advanced elastic-plastic finite-element techniques. The 
results of these tests and the analyses showed that the grain-size transition 
zone of the DMHT disk could withstand significant loads that exceeded the 
predicted fatigue lives. The next step in the development of this technology 
calls for demonstrating a DMHT disk in a ground-based engine to assess 
safety and reliability under realistic operating conditions. 
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Top: DMHT disk used in cyclic spin testing to verify the fatigue 
durability of the grain-size transition zone. Bottom: Experimental 
and predicted fatigue lives for DMHT disks.

Find out more about the research of 
Glenn’s Advanced Metallics Branch:
http://www.grc.nasa.gov/WWW/AdvMet/
webpage/ 

Glenn contact:
John Gayda, 216–433–3273, 
John.Gayda-1@nasa.gov

Authors:
Dr. John Gayda, Dr. Timothy P. Gabb, and 
Pete T. Kantzos 

Headquarters program office: 
Aeronautics Research

Programs/Projects:
Aviation Safety



RESEARCH AND TECHNOLOGY

NASA GLENN RESEARCH CENTER          137                                             2005 RESEARCH AND TECHNOLOGY

The increase in the operating temperatures of the new generation of advanced 
gas turbine engines has focused attention on the time-dependent properties 
of powder-metallurgy nickel-based superalloys. At these higher temperatures, 
the ability of the alloys to resist crack growth under extended hold times 
becomes a design-limiting mechanical property. A considerable amount of 
research has been performed to explain and model hold-time crack-growth 
behavior in superalloys. Most of the research has focused on trying to iden-
tify the grain-boundary phases that are most susceptible to an environmental 
attack and that would reduce an alloys’ resistance to hold-time crack growth. 
Over the years, a number of grain-boundary species have been proposed to 
be susceptible to environmental attack, but none of these hypotheses has 
withstood the test of time. 
 
A well-controlled study was performed at the NASA Glenn Research Center to 
determine the variables that influence the hold-time crack-growth resistance 
of two newly developed powder-metallurgy superalloys, Alloy 10 and ME3. 
The effects of both compositional changes and variation in heat treatments 
were investigated. The results indicate that significant changes in the alloy’s 
composition did not have an appreciable effect on hold-time crack-growth 
resistance, provided that the heat treatment remained constant. 

In contrast to the composition study, the heat treatments evaluated produced 
changes in the crack growth resistance of up to an order of magnitude. Quan-
titative image analysis was performed to analyze the microstructural features 
produced by each heat treatment. 

We found that the cooling γʹ precipitate 
size distribution was the most important 
variable controlling hold-time crack-
growth behavior. The larger the mean 
size of the cooling precipitates, the bet-
ter was the resistance to hold-time crack 
growth. To gain further insight into the role 
of precipitate size distribution on time-
dependent properties, we determined 
the alloys’ stress relaxation behavior as 
a function of precipitate size and volume 
fraction. An increase in the precipitate 
size corresponded directly to an increase 
in stress relaxation. On the basis of these 
observations, we proposed that the size 
and distribution of the precipitates play an 
important role in determining the extent 
of the crack-tip stress relaxation that 
occurs during hold times through creep-
type processes. The different crack-tip 
stress relaxation rates have a significant 
effect on the crack-driving forces, pro-
ducing a large variation in the measured 
hold-time crack-growth resistance. The 
microstructures that produced larger 
precipitates showed the most stress 
relaxation and, thus, the lowest crack-
driving force, which in turn produced the 
slowest crack-growth rates. 

Relationship Between Microstructure and Hold-Time Crack-Growth Behavior 
in Nickel-Based Superalloys Investigated 

10–4

All
Fine
Coarse

Coarse

Fine

99.0

99.9

90.0

70.0
50.0
30.0

10.0

1.0

0.1
10–3 10–2 10–1 100

Cooling λ’ area, µm2

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty
, p

er
ce

nt

Quantitative image analysis was performed to determine precipitate size distribution. Air-cooled; 1149 °C re-solution. 
Light areas indicate fine precipitate. Dark areas indicate coarse precipitate. This figure is shown in color in the online 
version of this article (http://www.grc.nasa.gov/WWW/RT/2005/RX/RX28L-telesman.html).
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A close relationship exists between precipitate size and hold-
time crack-growth resistance; crack growth per second, da/dt, 
at 25 MPa-m2 = 1.8710–7 (cooling γ’ area)–1.385; r2 = 0.98.

The development of shape-memory 
alloys that could operate at temperatures 
greater than 400 °F would provide an 
enabling technology for the development 
of “smart structures” used to control the 
noise, emissions, or efficiency of gas 
turbine engines or for the creation of mor-
phing structures permitting more efficient 
flight over a large envelope of conditions 
from subsonic to hypersonic. Interest in 
high-temperature shape-memory alloys 
(HTSMA) also has been growing in the 
automotive, process control, and energy 
industries. However, as is often the case, 
materials development has seriously 
lagged component design, with current 
commercial alloys severely limited in 
their temperature capability. The two 
largest challenges to developing a viable 
HTSMA for demonstration purposes or 
for commercial use are (1) identification 
and development of an alloy with an 

Wire Drawing and Postprocessing Procedures Developed for a New NiTiPt 
High-Temperature Shape-Memory Alloy

Example of a piece of experimental NiTiPt 20-mil-diameter wire developed 
for shape-memory actuator applications requiring a high-temperature alloy.
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acceptable balance of properties including high transformation temperatures, 
high work output, stability, and good fatigue life and (2) the availability of the 
material in an appropriate product form such as fine wire. These challenges 
are being addressed in a recent collaboration between the NASA Glenn 
Research Center and Dynalloy, Inc. (Costa Mesa, CA).

Processing procedures have been successfully developed for the wire drawing 
of a promising new nickel-titanium-platinum (NiTiPt) HTSMA along with post-
processing procedures, such as annealing and training, to prepare the material 
for actuator applications. The alloy has been processed into 0.020-in.-diameter 
wire (see the photograph on the preceding page) but could just as easily be 
processed into finer diameters. After postdrawing heat treatment and training, 
the behavior of the new NiTiPt wire is extremely stable. The transformation 
temperatures for the martensite start and austenite finish temperatures are 545 
and 570 °F, respectively, and the transformation temperatures are stable with 
respect to repeated thermal cycling to as high as 840 °F. The hysteresis is 
narrow, just 25 °F, making the material ideal for actuator applications requir-
ing active control. The transformation strain at 25 ksi is about 1.5 percent, 
and the corresponding work output is 375 in.-lb/in.3 This is about half the 
work output that is possible from commercial NiTi wire. However, the NiTiPt 
wire is capable of repeated actuation in high-temperature environments (up 
to about 500 °F), whereas commercial “high-temperature” NiTi alloys are 
limited to about 100 to 200 °F. 
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After appropriate training, HTSMAs also 
display excellent dimensional stability 
during repeated actuation against a 
bias stress of 25 ksi, as shown in the 
graph. In fact, the trained NiTiPt alloy is 
dimensionally more stable after repeated 
actuation than commercial “high- 
temperature” NiTi alloys, even though 
there is a 400 °F difference in operating 
temperature. This dimensional stability 
or resistance to changes in length during 
use is critical for applications requiring 
repeated cycling, to ensure a reason-
able fatigue life and to minimize drifting 
of the zero point in shape-memory alloy 
actuators (ref. 1). Further improvements 
in the capabilities of the NiTiPt wire are 
expected as this new HTSMA is care-
fully optimized. 
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Accumulated permanent strain as a function of the number of actuation 
cycles acting against a 25-ksi (172-MPa) bias stress on a 20-mil wire. 
The amount of permanent strain accumulated in the trained NiTiPt wire 
is minimal and less than that of a commercial “high-temperature” NiTi 
actuator wire even though the NiTiPt wire is operating at temperatures 
higher than 400 °F.
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Chevrons placed on either the fan or core exhaust of jet engines have been 
shown to be very effective in reducing noise during the takeoff of commercial 
aircraft. However, conventional fixed-geometry chevrons represent a tradeoff 
in design that reduces noise over a limited range of flight conditions but also 
imposes a small, but significant, performance penalty on aircraft engines. The 
solution would be an adaptive-geometry chevron that could mitigate noise 
during takeoff (possibly even more so than current fixed designs because 
of greater immersion into the exhaust stream) but could be retracted during 
cruise so as not to affect performance. However, there are several daunting 
challenges to developing a successful adaptive-geometry chevron, especially 
for core exhaust applications. These include the need for very high actua-
tion forces, a very limited volume for actuator placement, and high operating 
temperatures. Initial testing indicates that these challenges may be overcome 
through the use of a new chevron design developed by Continuum Dynamics, 
Inc., that utilizes a high-temperature shape-memory alloy (HTSMA) developed 
and supplied by the NASA Glenn Research Center. 

The first two challenges (the need for high actuation forces and the limited 
space for actuator placement) affect both core exhaust and fan chevron 
designs. These challenges were solved through an extremely innovative and 
original approach that combined changes in chevron design with actuator 
development and placement. This resulted in an overall concept with deflection 
performance that is at least 5 times more efficient than current approaches. 
The performance, or action, of the chevron is also reproducible because 
all movement is completely elastic. This is in contrast to current adaptive 
metallic chevron designs that also undergo plastic deformation or to com-
posite designs that undergo viscoelastic-plastic behavior and microcracking. 
The high-temperature requirement for a core exhaust chevron design was 
overcome by the identification, testing, and validation of a new nickel-titanium-
platinum (NiTiPt) HTSMA. 

The photographs show a 0.025-in.-thick 
steel chevron in the neutral position 
and actuated with a single strand of 
0.045-in.-diameter HTSMA wire. The 
substantial deflection achieved during 
the test is a reflection of the high force 
generation capability of the HTSMA. The 
demonstration represents approximately 
8 percent of the stiffness of a full-scale 
test. Computational modeling accurately 
predicted successful performance of the 
subscale bench test and indicated that 
the concept is scalable to full-size com-
ponents that could operate under realistic 
conditions using the NiTiPt alloy. Although 
demonstrated at room temperature for 
convenience, the current shape-memory 
alloy could be used at temperatures up 
to approximately 260 °C (500 °F), and 
higher temperature versions are under 
development. Consequently, with the 
proper placement of the shape-memory 
alloy, this combination of material and 
design could be used in the actuation of 
core exhaust chevrons.

Benchtop Demonstration of an Adaptive Chevron Completed Using a New 
High-Temperature Shape-Memory Alloy 

Left: Side view of the neutral chevron position. Right: Actuated chevron showing full deflection (~0.75 in.) of the tip using a NiTiPt 
HTSMA.
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The Department of Energy, Lockheed Martin, Infinia Corporation 
(formerly known as the Stirling Technology Company), and the 
NASA Glenn Research Center are developing a Stirling Radio-
isotope Generator (SRG) as an alternative to radioisotope ther-
moelectric generators for NASA space science missions. The 
20- to 25-percent efficiency of the SRG system would reduce 
the required amount of radioisotope by a factor of 3 or more in 
comparison to radioisotope thermoelectric generators. This would 
significantly reduce radioisotope cost, radiological inventory, and 
system cost, providing efficient use of the scarce domestic supply 
of radioisotope resources.

In addition to the highly focused SRG program, NASA is spear-
heading an effort to develop an even higher efficiency, lower 
mass Stirling convertor for use with a radioisotope, reactor, or 
solar concentrator heat source. One of the goals for this upgraded 
version of the SRG is to improve performance by increasing the 
Carnot efficiency of the convertor. To achieve this improvement, 
researchers must maximize the hot-end temperature and the pres-
sure of the working gas. Although increasing both the temperature 
and pressure of the working fluid will place an increased burden 
on all components of the convertor, the heater head will be the 
most severely tested. The current heater head is made from the nickel-base 
superalloy 718 and operates at 650 °C, which is this alloy’s maximum use-
temperature. Further increases in temperature will require the use of a more 
advanced high-temperature material. 

At the NASA Glenn Research Center, over 200 material candidates were ini-
tially screened with regard to the following properties: (1) creep resistance, 
(2) fabricability, (3) helium gas containment, (4) long-term stability and com-
patibility, (5) ability to form a hermetical closeout seal, and (6) ductility and 
toughness (to assist in fabrication, handling, and resistance to foreign object 
damage). In the end, the list of candidates was narrowed to five superalloys. 

Advanced Stirling Convertor Superalloy Heater Head 
Developed and Demonstrated
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Creep properties of the conventional heater head mate-
rial, IN718 compared with the more advanced material, 
MarM-247. The data are plotted using a Larson-Miller 
parameter, which allows test data collected at different 
temperatures to be plotted on a single curve.

These five alloys were then subjected to 
additional testing, including creep test-
ing under a wide variety of conditions. 
From these experiments, the nickel-base 
superalloy MarM-247 was the clear 
choice as the primary material for the 
new heater head. 

One critical feature of the heater head is 
its thin wall thickness (<1 mm in some 
regions). Since thin walls are known to 
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Heater
head

affect the creep behavior of superalloys, it was necessary to produce several 
heats of material with different grain sizes and, thereby, determine the opti-
mum microstructure. Further analysis of the creep data allowed a detailed 
reliability assessment to be performed, and it established the maximum oper-
ating temperature and stress that could be tolerated with a high confidence 
of success for the intended mission duration.

In additional to the mechanical properties of the heater head, some method 
of hermetically sealing the MarM-247 to the convertor body is required. Unfor-
tunately, one negative consequence of MarM-247’s high strength is that it 
cannot be joined by traditional fusion welding techniques. Also, any joining 
technique that requires heat input into the heater head must be compatible 
with the overall assembly and with the material heat-treatment procedure that 
is required to develop the material’s high strength. 

Many joining techniques were explored at Glenn, but eventually two meth-
ods emerged as the most promising. One is a brazing process that uses a 
braze filler metal and brazing cycle that is completely compatible with the 
heat-treatment schedule. The other is electrospark deposition, which is a 
nonfusion technique normally used for surface repair. The brazing concept 
was demonstrated and proven not to adversely affect the properties of the 
MarM-247, even after long-duration missions. The electrospark deposition 
technique is undergoing detailed evaluation.

Independent of the in-house effort, NASA awarded a NASA Research 
Announcement (NRA, NAS3–03128) to a Sunpower/Rocketdyne team to 
develop an Advanced Stirling Convertor (ASC). Upon the completion of Glenn’s 
MarM-247 optimization program, the results of the material screening and 
optimization efforts were presented at the Space Technology and Applica-
tions International Forum. A detailed summary of Glenn’s findings also were 
presented to the NRA team at their request. After reviewing the data, the 
NRA team accepted the results of Glenn’s study and adopted MarM-247 as 
the material of choice. Since then, Glenn and the Sunpower/Rocketdyne 
team have collaborated on development of the ASC. In late September 
2005, the team successfully operated an ASC testbed convertor using the 
MarM-247 heater head. The head temperature was limited to 650 °C for the 
first run, but subsequent runs have been performed at the design temperature 
of 850 °C, which is 200 °C higher than for the previous SRG design.

Find out more about this research:

Glenn’s Advanced Materials Branch:
http://www.grc.nasa.gov/WWW/AdvMet/webpage

Glenn’s Thermal Energy Conversion Branch:
http://www.grc.nasa.gov/WWW/tmsb/

Glenn’s Power and Propulsion Office
http://space-power.grc.nasa.gov/ppo/ 
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The ASC developed jointly 
by Sunpower and Rocket-
dyne, complete with a fully 
fabricated MarM-247 heater 
head.
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A major phase of structural benchmark testing began at the NASA Glenn 
Research Center (http://www.grc.nasa.gov) for a critical component of the 
110-W Stirling Radioisotope Generator (SRG110). Durability testing of the 
heater head component was initiated on two test articles under prototypi-
cal environmental conditions: Glenn’s special-purpose test rigs subject the 
heater head specimens to the design operating temperatures and pressure. 
Under these conditions, the primary life-limiting damage mechanism is creep 
deformation. The experimental data produced support the development of an 
analytical life-prediction methodology (ref. 1). The testing will be terminated 
after approximately 1 year of operation.

The SRG110 is being developed to provide electric power for multimission 
uses, including possible future long-duration NASA space science missions 
such as deep-space missions or lunar applications (ref. 2). For these uses, 
the heater head component must endure high temperature at low stress for 
a long time. The heater head is designed to minimize the effects of material 
creep—a slow, gradual increase in the pressure vessel diameter that could 
result in reduced system performance if not properly designed. 

Although creep-limited components have been designed satisfactorily using 
material properties generated from traditional uniaxial tests, the heater head is 
subjected to a biaxial state of stress. To supplement the ongoing uniaxial creep 
tests of flight heat Inconel 718 material (ref. 3), Glenn researchers developed 
benchmark testing to experimentally evaluate the response to this specific 
biaxial stress condition. Early test data from previous benchmark testing at 
Glenn accelerated the creep response in short-duration tests by increasing 

test pressures to raise the specimens’ 
stress levels. The current final test phase 
is not accelerated, and high scatter of 
the very small magnitude creep strains 
in the short term can be averaged over 
the extended 1-year test time.

The current in-house testing uses two 
heater-head test articles fabricated to 
flight prototype specifications. One of 
these is a “full-up” specimen with struc-
turally significant brazed-on attach- 
ments; its test includes an additional 
externally applied axial load to simulate 
actual heat source contact loading (see 
the photograph on this page).

The test facility is located at the Life 
Prediction Branch’s (http://www.grc.nasa. 
gov/WWW/LPB/) Structural Benchmark 
Test Facility. The test stand (see the pho-
tograph on the following page) includes 
two independently operated test rigs with 
argon pressurization systems capable of 
3000 psig. Two 3-kW induction power 
supplies provide even heating and 
temperature profiling, and a custom 
data-acquisition and control system is 
employed to safely conduct tests and 
record results.

The benchmark testing was performed 
in collaboration with Glenn’s Thermal 
Energy Conversion Branch (http://www.
grc.nasa.gov/WWW/tmsb/) as part of a 
Glenn in-house project supporting the 
development of the SRG110. NASA’s 
Science Mission Directorate provided 
funding for this effort. The overall SRG110 
project is managed by the Department 
of Energy. Lockheed Martin and Infinia 
Corporation are developing the SRG110 
for the Department of Energy. Glenn is 
providing supporting technology devel-
opment for the SRG110, independent 
verification and validation testing, and 
advanced technology efforts.

Long-Term Structural Benchmark Testing Started for 
Stirling Convertor Heater Heads

Twelve-month test of Inconel 718 heater head with axial loading at 
650 °C (1200 °F); induction heating coils and diametral extensometer 
quartz probes are visible.
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Management of the residual heat generated during power 
conversion in space is a critical stage for a successful space 
exploration mission. Under the Prometheus program, an explor-
atory design of space radiators using intermediate-temperature 
(450 to 700 K) heat pipe systems to efficiently distribute the heat 
within radiator panels was studied at the NASA Glenn Research 
Center. A heat pipe is a self-contained two-phase sealed device 
that can transport large quantities of heat with minimal temperature 
drop. This is accomplished by the evaporation of a liquid at the 
hotter end of the device and the condensation of the vapor at the 
cooler end. Specially designed wicks lined against the device wall 
return the condensed liquid to the evaporator section. Hundreds 
of these devices are planned to be major components of radiator 
panels for Moon, Mars, and deep-space missions.

Although water has been tested to about 550 K, its vapor pressure 
rises to a level that will require very thick container walls, resulting 
in heavier components. Thus, a study was conducted at Glenn to 
identify alternative fluids with the desired thermodynamic proper-
ties along with envelope materials that have sufficient chemical 
compatibility, thermal conductance, and mechanical integrity. This 
study resulted in the selection of the halides aluminum bromide 
(AlBr3), antimony bromide (SbBr3), and titanium chloride (TiCl4). 
The halide choices were based on several factors, including 
vapor pressure, melting and boiling points, cost, availability, and 
handling safety. The envelope and wick metals chosen for the 
study were two aluminum alloys (Al–5052 and Al–6061) and 
commercial pure titanium grade 2 (Ti CP2) because of thermody-
namics compatibility predictions and the availability, low density, 
and wide use of these materials in aerospace technologies. The 
next step was to conduct experiments to determine the chemical 
compatibility of selected metals for the envelope and wick with 
the selected halides. 

Commercial pipes and rods were procured, machined, and welded to fabricate 
the experimental capsules. Then, assembled capsules were tested at 500 K 
in a specially designed test station that mimics actual heat pipe conditions. 
A total of five fluid/envelope combinations, with duplicates, were evaluated 
experimentally. The internal pipe surfaces and metallographically polished 
cross sections were observed by optical and field-emission scanning electron 
microscopy. Chemical and x-ray analyses were performed on the products 
and layers that formed on the inner diameter of the capsule. The compatibil-
ity studies have shown that AlBr3 is not compatible with Ti (CP2), Al-6061, or 
Al-5052 alloys. Although thermodynamic calculations indicated that pure-Al 
is compatible with AlBr3, the influence of alloying additions was not consid-
ered analytically. Although the results show that AlBr3 was more stable than 
Ti (CP2) in the Al-6061 envelope, microstructural characterization revealed 
severe intergranular corrosion on both metal systems. Among the successful 

combinations, a Ti (CP2) capsule con-
taining TiCl4, and an Al-6061 capsule 
containing SbBr3 have reached over 
4000 hr of exposure at 500 K with no 
sign of degradation.

In summary, it was found that sev-
eral advanced heat pipe fluids can be 
incorporated into realistic intermediate 
temperature heat pipes with good com-
patibility with the proposed envelope and 
wick materials.

Materials Compatibility Evaluated for Advanced Heat Pipes in 
Space Power Thermal Management Systems

View of the Ti (CP2) and Al-alloys testing capsules and 
testing station.
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Electron microscopy images showing intergranular corrosion attack produced on 
the wall of the Al-6061 alloy by AlBr3 after 1100 hr of testing at 500 K. Left: Internal 
surface of tube midsection. Right: Cross-section view of the evaporator. 
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The NASA Glenn Research Center initiated an experimental program to join 
superalloys to refractory metals in response to the future need of nuclear 
power for electrical power generation and propulsion for future space missions. 
The primary goal was to understand and characterize the reaction zones that 
form between the refractory alloys and nickel-based (Ni-based) superalloys 
after joining. This will lead to the development of a model for predicting the 
integrity of the bond after extremely long-term thermal exposures. 

Future space missions, in addition to lunar and Mars habitats, will benefit 
greatly from the abundant electrical power generated with heat from nuclear 
reactors. Certain refractory metals are ideally suited for use with nuclear reac-
tors because of their high strength at elevated temperatures and low radiation 
cross sections. However, Ni-based alloys are typically employed for power 
generation by gas turbines because of their high strengths at intermediate 
temperatures and significantly lower densities than refractory metals, an impor-
tant consideration for rotating hardware in gas turbines. To use both metals, 

in concert, for electrical power generation 
in space requires some type of joint that 
typically is held at an elevated tempera-
ture. Furthermore, this joint must maintain 
its integrity without maintenance for many 
years, possibly decades. The problem is 
that when refractory metals are bonded 
to Ni-based superalloys, brittle phases 
(i.e., intermetallics) can form because 
of interdiffusion between the two differ-
ent metals. In addition, other deleterious 
phases or even porosity can form and 
threaten the integrity of the bond. 

Previous work (ref. 1) had suggested 
that if these layers are sufficiently thin 

Reaction Zones Associated With Joining Ni-Based Superalloys to 
Refractory Metals Studied
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(less than 12 µm), they will not degrade the mechanical properties of the 
joint. However, these layers thicken with time with the growth rate depending 
on the temperature and composition of the metals. The purpose of the pres-
ent work was to characterize the layers for various Ni-based superalloy and 
refractory metal combinations at different temperatures. The thicknesses of 
the layers were measured, and the formation of potentially harmful phases 
and/or porosity was noted. 

Commercially available superalloys MarM-247, Hastelloy X, Haynes 230, and 
Inconel 617 were diffusion bonded to various tantalum (Ta), niobium (Nb), and 
molybdenum (Mo) refractory alloys (T–111, FS–85, and Mo-47Re, respectively). 
The alloys were bonded together using a hot press to form “diffusion couples” 
and annealed at various temperatures. The total width of the reaction zone 
encompassing the intermetallic phase layers and porosity was measured using 
a scanning electron microscope. Other potentially deleterious features, such 
as significant cracking and discontinuous phase formation, were also noted. 
Lastly, the potentially beneficial effect of thin Ni and Mo interlayers between 
the two dissimilar alloys was examined. 

A relatively simple reaction zone consisting of only two layers is shown in the 
photomicrograph. The reaction zone thicknesses for several of the couples 
annealed at either 1150 or 1300 K are shown in the bar chart. This figure shows 
that zone width is very similar for the two Ni-based superalloys, whereas the 
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Left: Reaction zone for HA230/Mo-47Re diffusion couple after 1 hr at 1300 K. Right: Reaction zone width for various Ni-based 
superalloy/refractory alloy combinations annealed at either 1150 or 1300 K. 

zone width is a factor of 4 greater for 
the FS–85 than it is for the Mo-47Re 
refractory alloys. The x-ray maps in the 
final figure show the elemental distribu-
tions between a more complex five-layer 
reaction zone and illustrate enrichments 
for some elements and depletions for 
others. From data similar to that in the 
bar chart, reaction rates were calculated. 
Although longer term exposures are still 
needed, data generated to date show that 
traditional diffusion models are accurate 
and that high-temperature exposures 
are valid as an accelerated test method. 
Future work will refine and calibrate a 
model to predict reaction zone widths 
after years and decades to determine the 
best superalloy-refractory metal combi-
nations for future space missions.
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X-ray maps showing elemental distributions in the reaction zone for a IN617/FS85 couple annealed at 1300 K for 1 hr; Co, 
cobalt; Cr, chromium.
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The next generation of power systems for future spacecraft and lunar surface 
systems will likely have a strong dependence on nuclear power. The design 
of a space nuclear power plant involves integrating the major subsystems 
of the reactor, the power-conversion system, and the heat-rejection system. 
Optimum material choices are very different for each subsystem, with likely 
choices for the reactor tending toward high-temperature refractory metal 
alloys, the power-conversion system tending toward intermediate-temperature 
nickel-based (Ni-based) superalloys, and the heat-rejection system tending 
toward titanium and carbon/carbon composites. The transitions between these 
three subsystems are critical points in the system, and thus joining the dis-
similar metals is a key factor in determining life and performance. The NASA 
Glenn Research Center has, therefore, initiated a comprehensive program to 
evaluate the best technologies to join the dissimilar metals required for future 
exploration missions. 

The joining of refractory metals to Ni-base alloys was considered the most 
significant challenge, since these joints will likely be exposed for thousands of 
hours at high temperatures. The refractory alloy candidates are based primarily 
on molybdenum (Mo), niobium (Nb), tantalum (Ta), or rhenium (Re), whereas 
the superalloy candidate would most likely be a wrought alloy with a significant 
history and pedigree. Wrought superalloys are preferred for hot duct applica-
tions because of their fabricability and weldability. Both gas- and liquid-cooled 
joint designs require the ducting to be hermetically sealed, accompanied by 
good strength at the joint, with long-term thermal stability. Conventional fusion 
techniques for joining were considered but were rejected since intermetallic 
phases and cracking are associated with the postweld zones accompanying 
those techniques. Thus, solid-state methods of joining the dissimilar materi-
als provided the best opportunity to eliminate unwanted phases and cracking 
at the transition joint. 

In collaboration with the Edison Welding Institute, Glenn researchers selected 
magnetic pulse welding, electrospark deposition (ESD), and inertia welding 
to join the refractory metals tantalum (Ta10W and T111) and molybdenum 
(Mo-47Re) to representative superalloys—both a wrought (Hastelloy X)  and 
a cast (MarM-247) alloy. Inertia welding techniques were successfully devel-
oped for MarM-247 with Mo-47Re and for Hastelloy X with both Ta10W and 

Mo-47Re. ESD methods also were devel-  
oped for Mar-M247 and Hastelloy X 
with T111 and Mo-47Re. Examples are 
shown in the photomicrographs on this 
page. Difficulties were encountered 
with efforts to develop magnetic pulse 
welding, but future modifications to the 
method appear promising. 

A second class of joining process that 
was considered for dissimilar metals 
is brazing. Several different refractory 
metal candidates (Re, Mo-47Re, Nb-1Zr, 
and ASTAR 811C) were brazed to both 
Ni201 and Hastelloy X to assess process 
viability, to evaluate bond integrity, and 
to examine resultant microstructures at 
the interface. Candidate filler materials 
included Palni, Palco, Palniro-4, and 
copper (Cu) ABA. Preliminary microstruc-
tural observations showed that brazing 
these alloys is feasible, and the photo-
micrograph on the next page shows an 
example of a sound braze joint. 

Because space missions could last for 
decades, it is important to evaluate and 
develop processes that will promote 
long-term bonding, strength, and phase 
stability. Therefore, all the successfully 
joined materials are scheduled for mech- 
anical strength evaluation as well as for 
long-term stability testing at appropriate 
temperatures. Continued evaluation and 
optimization of solid-state and brazing 
options are necessary for systems that 
will rely on the long-term durability of a 
transition joint.

2 nm2 nm

Mo-47Re

Hastelloy XMo-47Re substrate

Hastelloy X deposit

Techniques Investigated to Join Advanced Materials for 
Future Space Exploration Missions 

Joint between Hastelloy X and Mo-47Re. Left: Electrospark deposition. Right: Inertia 
welding.
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Complex braze interface, Hastelloy X/Palni/ASTAR–811C.
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Thermal management components based on high-conductivity carbon-fiber-
reinforced carbon matrix (C/C) composites are being developed for various 
space exploration systems. Many of these applications require that metal 
tubes be joined to C/C composite plates. Typical joint tests involve the join-
ing of flat plates to flat plates to determine the through-the-thickness tensile 
strength or shear strength of the joint. These traditional tests mask some of 
the issues involved in joining curved surfaces to flat plates. To meet this need, 
researchers at the NASA Glenn Research Center implemented a simple tube-
plate joint tensile test to compare the effectiveness of commercial brazes for 
bonding titanium (Ti) tubes to C/C composite plates (see the figure below). 

The test consists of brazing the Ti-tube 
(0.5 in. in diameter by 1 in. long) to a 
C/C plate (1 in. long by 0.5 in. wide). The 
plate is set on a hollow rigid block, and 
the tube is pulled in tension until failure. 
Three braze systems (copper active 
braze alloy, Cu-ABA; titanium copper 
nickel, TiCuNi; and titanium copper silver, 
TiCuSil) were used to join the tube-plate 
structures. There were considerable dif-
ferences in the load-carrying abilities of 
the braze systems (see the bar chart on 
the next page). Failure always occurred 
in the surface ply of the C/C compos-
ite, indicating strong bonding between 
the braze material and the composite; 
however, the load-carrying ability of the 
joint was controlled by the interlaminar 
strength of the composite itself. The Cu-
ABA braze system proved to have about 
twice the load-carrying ability of the other 
two systems because the bonded area 
between the braze material and the C/C 
plate was largest for this system (see 

Simple Test Developed to Determine the Effectiveness of Different Braze 
Compositions for Joining Titanium Tubes to Carbon/Carbon Composite Plates

Left: Optical photograph of specimen. Right: Schematic of tube-plate tensile test. 
AE, acoustic emission.
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the photographs). This was because the Cu-ABA braze system had superior 
spreading properties around the circumference of the tube and into the pores 
and crevices of the surface of the C/C composite. It was also found that the 
orientation of the surface fiber tows had a significant effect on the load-carrying 
ability. The alignment of the outer tows in the photographs is perpendicular to 
the tube axis, which for all the systems tested, was a stronger orientation (see 
the bar chart) than when the fibers were oriented parallel to the tube axis.

The test is a very good way of comparing processing or structural alterations 
during the developmental process. For example, processing modifications, 
such as increasing the process load and modifying the surface of the C/C plate 
by grooving out channels for the Ti-tube to nest in, were compared. These 
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Failure load of tube-plate tensile tests for different braze systems and different 
orientations of the outer fiber tows of the C/C composites; showing  standard 
deviation.

modifications resulted in higher failure 
loads and demonstrated how this simple 
test could be used to evaluate process 
and structure changes in a meaningful, 
yet rapid, way. 
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The corrosion of chromium-containing materials in oxidizing environments 
containing water vapor, via the formation of volatile species, is a problem 
with broad technological and environmental implications. Chromium in the 
+6 valence state is considered to be a carcinogenic hazard. In addition, the 
volatility of chromium causes contamination and/or reduced lifetimes for solid 
oxide fuel cell interconnects, steam-methane reformer catalysts, structural 
steels in combustion environments, and chemical vapor deposition reactions. 
The thermochemistry of the volatilization reactions is not well characterized, 
preventing accurate understanding and prediction of the degradation proc- 
esses described.

In oxidizing environments, chromium-containing materials oxidize to form chro-
mia, Cr2O3(s). Chromia is known to form gaseous oxide and/or oxyhydroxide 
species in oxidizing environments by the following three reactions:

  ½ Cr2O3(s) + ¾ O2(g) = CrO3(g)              (1)
  ½ Cr2O3(s) + ¾ O2(g) + H2O(g) = CrO2(OH)2(g)              (2)
 ½ Cr2O3(s) + ½ O2(g) + ½ H2O(g) = CrO2(OH)(g)             (3)

Although reaction (2) is proposed to be the reaction of greatest importance 
for environments of technological interest, the identity of this volatile species 
has not been established with certainty. Furthermore, the thermochemistry of 
CrO2(OH)2(g) has been studied both theoretically and experimentally, but the 
resulting data are in poor agreement. For this reason, the volatility of chromia 
in oxygen and water vapor was studied at the NASA Glenn Research Center 
by the transpiration method to confirm the identity of the volatile Cr-O-H spe-
cies and to determine accurate thermochemical data for this species.

The transpiration method is a well-established and versatile technique 
for studying gas-solid equilibria and measuring vapor pressures in the 

presence of large concentrations of other 
gases. In this study, the reactive gases 
oxygen and water vapor, at 1-atm total 
pressure, flowed over chromia at well-
defined temperatures between 300 and 
900 °C. The volatile species were formed 
in equilibrium concentrations and were 
transported to a cooler portion of the gas 
train where they condensed. The con-
densate was collected, and the amount 
of transported chromium was measured 
by inductively coupled plasma—atomic 
emission spectrometry. 

The oxygen and water vapor pressure 
dependencies of the chromia volatil-
ization reaction were determined at 
600 °C to identify the volatile species 
(shown in the graph). We found that 
the pressure of the volatile species, 
PCr-O-H, depended on P(O2)

m and P(H2O)n, 
where the power law exponents were 
m = 0.770.06 and n = 0.960.05. These 
exponents are in excellent agreement 
with those predicted by reaction (2), 
m = ¾ and n = 1, indicating that 
CrO2(OH)2(g) is the volatile species 
formed from the reaction of chromia with 
oxygen and water vapor at 600 °C.

Because the input rate of oxygen and 
water vapor is known and the output rate 
of volatilized chromium is measured, the 
equilibrium constant for the reaction, Kp, 
can be determined. Kp depends on the 
gas species partial pressures P accord-
ing to the following equation:
 
     
                (4)

The variation of the equilibrium con-
stant with temperature for reaction (2) 
is shown in the graph on the next page. 
The enthalpy, ∆Hr°861, and entropy, ∆Sr°861, 
for reaction (2) at the average experimen-
tal temperature of 861 K were determined 
from the slope and intercept of this line. 
The resulting thermodynamic data are 
∆Hr°861 = 53.5±1.8 kJ/mol and ∆Sr°861 = 
–45.6±2.2 J/mol K.

Thermochemistry for Chromia Volatility Determined by 
the Transpiration Technique
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Pressure dependence of the volatilization of Cr2O3(s) enables 
the identification of volatile species as CrO2(OH)2(g). 

Kp =
P(CrO2 (OH)2)

P(H2O) • P(O2)3/4
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Solid oxide fuel cells (SOFC) have potential for a number of industries and 
technologies, both for industrial and NASA applications, because of their high-
energy efficiency. NASA applications for SOFCs include auxiliary power units 
for commercial airlines, power sources for high-altitude drones, and revers-
ible fuel cells to electrolyze water and generate power for lunar satellites and 
space stations and to electrolyze carbon dioxide to produce oxygen for a 
Mars mission. A key advantage of SOFCs is that they can be sulfur tolerant, 
so they can operate on any hydrocarbon fuel, most of which contain some 
level of sulfur.

The higher the temperature, the greater the efficiency and power output of a 
fuel cell. SOFCs have the potential to operate at high temperatures, from 600 
to 1000 °C. However, the majority of industrial SOFC designs contain a metal 
interconnect between the ceramic cells that limits the operating temperatures 
to 600 to 700 °C. Operation at low temperature makes it more difficult for con-
ventional SOFCs to meet the high specific power density (kilowatts per kilo-
gram) requirements of NASA and industry applications. For example, a recent 
Boeing study sponsored by the NASA Glenn Research Center determined 
that a commercial jet auxiliary power unit requires an SOFC specific power 
density of 1.0 kW/kg. Present state-of-the-art SOFC developers are struggling 
to attain power densities of 0.1 kW/kg. An order-of-magnitude improvement in 

performance must be achieved. Glenn 
has developed a novel fuel cell and fuel 
cell stack design that is ideally suited to 
high temperatures and can achieve the 
high specific power densities required 
for aeronautics applications.

Glenn has developed both a novel cell 
design and a novel ceramic fabrication 
technique that has a predicted specific 
power density of 1.0 kW/kg. This design 
is called a bielectrode-supported cell 
(BSC), see the photomicrograph. It has 
both low volume and low weight. The BSC 
uses a thin ceramic interconnect rather 
than a metal interconnect, which makes 
it ideally suited to operate at high tem-
peratures, in the 800 to 1000 °C range. 
Higher operating temperatures allow the 
BSC to take advantage of higher power 
density and higher efficiency, and thus 

Proof of Concept (Design, Fabrication, and Testing) of a Novel 
High-Power-Density Solid Oxide Fuel Cell Established
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make it suited for reversibility applications, such as water and carbon dioxide 
electrolysis, and for sulfur tolerance.

One other aspect of the Glenn design that is critical for many NASA applications 
is that fully hermetic seals can be fabricated. Because the BSC all-ceramic 
design allows multiple cells, with seals, to be built into a stack using low- 
temperature assembly techniques, followed by a high-temperature sintering 
of the ceramic stack and seals, the product is a hermetic stack that can be 
leak tested prior to its application. No other design has this advantageous 
feature. Previous SOFC technology that was evaluated for NASA lunar and 
Mars missions failed because of leaking seals. We believe that Glenn’s tech-
nology can be developed to deliver a stack with hermetic seals.

The BSC concept introduces many 
unique new features and fabrication 
techniques. Key technical challenges 
that were demonstrated in 2005 include 
(1) hermetic electrolytes demonstrated 
by near theoretical open-circuit volt-
ages (Voc) in single-cell tests, (2) active 
anodes and cathodes infiltrated into the 
cell electrode support regions by wet 
chemical techniques with a cell power 
density of 460 mW/cm2 at 850 °C for 5-cm- 
diameter cells (see the graphs to the left), 
and (3) fabrication of a single repeating 
unit consisting of a BSC cell between 
dense ceramic interconnect layers. 
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anode and cathode. In 2005, procedures 
for the infiltration of a nickel (Ni) anode 
and LaSrFeO3 cathode, an electronically 
conductive oxide with the perovskite 
structure, were developed and tested. 
Alternative anode and cathode chemis-
tries are being pursued.
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A fuel cell is an electrochemical device consisting of an elec-
trolyte, an anode, and a cathode which continuously converts 
the chemical energy of a fuel directly into electrical energy. 
Various types of fuel cells are available, including direct metha-
nol fuel cells, alkaline fuel cells, proton exchange membrane 
fuel cells, phosphoric acid fuel cells, molten carbonate fuel 
cells, and solid oxide fuel cells (SOFCs). The salient features 
of an SOFC are all-solid construction and high-temperature 
electrochemical-reaction-based operation, resulting in clean, 
efficient power generation from a variety of fuels. Solid oxide fuel 
cells are being considered as the premium power-generation 
devices for a broad range of applications, such as in portable 
electronic devices, automobiles, power generation, and aero-
nautics. SOFCs of two different designs, tubular and planar, 
are currently under development. Planar SOFCs offer simple 
manufacturing and a relatively short current path resulting in 
power densities and efficiencies higher than for the tubular 
design. However, planar SOFCs require hermetic seals to 
separate and contain the fuel and oxidant within the cell and 
to bond cell components together. The requirements for SOFC 
sealing materials are severe because the cells will operate 
at 600 to 1000 °C for thousands of hours, with sealing materials exposed to 
both oxidizing and reducing conditions. The seals must be chemically and 
mechanically compatible with different oxide and metallic cell components 
and should be electrically insulating. Also, they must survive cycling between 
room and SOFC operating temperatures. 

Various types of seals—such as rigid seals, compressive seals, compliant 
seals, and hybrid seals—are being tried for SOFCs. For compliant and rigid 
seals, a number of glass and glass-ceramics based on borates, phosphates, 
and silicates are being investigated. Silicate glasses are expected to have 
performance superior to that of the borate and phosphate glasses. A barium 
calcium aluminosilicate (BCAS) glass of composition 35BaO-15CaO-5Al2O3-
10B2O3-35SiO2 (mol%) was developed for use as sealing material for planar 
SOFCs, but during thermal cycling of the SOFC, the glass seal is prone to 
cracking. The strength and fracture toughness of this glass need to be improved 
to alleviate this problem. To achieve this goal, researchers reinforced the glass 
with boron nitride (BN) nanotubes that were produced at the NASA Glenn 
Research Center. Panels of glass containing 4 wt% of the nanotubes were 
hot pressed and machined into test bars. Mechanical and physical proper-
ties of the glass composites—including four-point flexure strength, fracture 
toughness, elastic modulus, microhardness, and density—were determined 
at room temperature. As shown in the graph, the addition of BN nanotubes 
improved the flexure strength of the glass by as much as 90 percent and the 
fracture toughness of the glass (measured by the single-edge v-notched beam 
method) by 35 percent. The addition of BN nanotubes decreased the elastic 
modulus and microhardness. 

Thus, it was demonstrated that the 
strength of the SOFC seal glass can 
be improved as much as 90 percent 
and the fracture toughness as much 
as 35 percent by reinforcing the glass 
with just 4 wt% of BN nanotubes. This is 
important because the addition of such 
a small amount of BN nanotubes will 
have little effect on the viscous behav-
ior of the glass at the fuel-cell operating 
temperatures. Leak tests for the glass 
composite seals need to be carried out. 
The glass/BN nanotubes composites 
are expected to result in much improved 
seals for SOFCs. This is the first time that 
a glass matrix composite reinforced with  
BN nanotubes has been produced and 
that significant improvements in mechan-
ical properties have been demonstrated. 
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Turbomachinery blade rows are designed to contain identical blades, identically 
mounted, and uniformly spaced on a disk within a given blade row. When this 
is accomplished, the blade row is called tuned. However, minor differences in 
blade shape, blade structural and material properties, and blade attachments 
are inherently present in all bladed disks. This difference from one blade to 
another is referred to as mistuning. In a mistuned system, the vibration energy 
of the system may be concentrated in a few blades, and these blades will 
have a significantly higher amplitude of response than will those in a tuned 
rotor, resulting in higher stresses and premature fatigue failure. Hence, it is 
essential to understand and include the effects of mistuning on bladed disks 
in the process of designing turbomachinery blade rows.

The blades in a turbomachinery blade row are coupled aerodynamically 
through the presence of neighboring blades and/or are coupled structurally 
through a flexible disk, shrouds, lacing wires, or other structures. Previous 
studies of mistuned blade rows were based on either a simple structural model 
or a combined simple structural and aerodynamic model. A realistic analysis 

would require a complete finite element 
modeling and analysis of the entire blade 
and disk. However, such an analysis 
would be computationally expensive and 
could not be used in a design process. 
Reduced-order models (ROMs), where 
the finite element degrees of freedom 
are reduced to a manageable number 
while the essential features of the struc-
tural model are retained, have been 
developed to address this issue. 

In this study at the NASA Glenn Research 
Center, the Turbo-Reduce code, which is 
based on an ROM and cyclic symmetry, 
was used to study the effects of structural 
and aerodynamic coupling on flutter and 
response. The unsteady aerodynamic 
forces required for flutter analysis were 
calculated using the ASTROP2–LE code, 
an aeroelastic code formulated for a 
rigid disk. These unsteady aerodynamic 
forces were then transferred to Turbo-
Reduce for use in the mistuned bladed-
disk analysis. A 24-bladed rotor with a 
disk was used for the study. The graph 
on this page shows the root locus plot 
(damping versus frequency) obtained 
for the rigid disk (ASTROP2–LE) and 
for the flexible disk (Turbo-Reduce) for 
the second mode at mach 0.7. The flex-
ibility of the disk slightly increased the 
damping, making the rotor more stable. 
The graph on the next page shows 
the response for a sinusoidal wake at 
3125 Hz for random mistuning. For the 
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case considered, the mistuning increased the response amplitudes 
by about 50 percent, and the amplitudes at multiple frequencies 
were higher than those of the tuned response. This clearly shows 
that to avoid blade premature failures, one must incorporate the 
effects of flexibility and mistuning in the rotor design to accurately 
predict the damping levels and response amplitudes.
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The adverse effects of small, random structural irregularities among rotor 
blades, called mistuning, can result in blade forced-response amplitudes 
and stresses that are much larger than those predicted for a perfectly 
tuned rotor. Manufacturing tolerances, deviations in material properties, 
or nonuniform operational wear cause mistuning; therefore, mistuning 
is unavoidable. Furthermore, even small mistuning can have a dramatic 
effect on the vibratory behavior of a rotor because it can lead to spatial 
localization of the vibration energy (see the photos). As a result, cer-
tain blades may experience forced-response amplitudes and stresses 
that are substantially larger than those predicted by an analysis of the 
nominal (tuned) design. Unfortunately, these random uncertainties in 
blade properties, and the immense computational effort involved in obtaining 
statistically reliable design data, combine to make this aspect of rotor design 
cumbersome.

The primary objective of this work was to develop advanced vibration analysis 
tools and new rotor development strategies to significantly improve the safety 
and robustness of engine rotors. Mistuning can lead to a dramatic increase 
in blade forced-response amplitudes and stresses. Ultimately, this results in 
high-cycle fatigue (HCF), which is a major safety and cost concern. In this 

research, the necessary steps were 
taken to transform a state-of-the-art 
vibration analysis tool, the Turbo-Reduce 
blade-mistuning analysis code, into an 
effective design tool by enhancing and 
extending the underlying modeling and 
analysis methods. This work also will 
aid statistical studies of forced response 
by reducing the necessary number of 
simulations.

Advanced Vibration Analysis Tools and New Strategies Developed for 
Robust Engine Rotor Development

Spatial localization of mistuned bladed disks. Left: 
Turbine engine rotor. Right: Localized vibration.
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Several methods were investigated, 
including the use of intentional mistuning 
patterns to mitigate the harmful effects of 
random mistuning, and the modification of 
disk stiffness to avoid reaching critical val-
ues of interblade coupling in the desired 
operating range. The research activities 
for this project resulted in the following 
three major accomplishments:

(1) The BLADEnergy mistuning sensi- 
 tivity prediction code was devel- 
 oped, which use quick, approximate 
 assessment of mistuning sensitiv- 
 ity via power-flow analysis; and the 
 BLADEnergy code was validated as  
 a tool for predicting the mistuning 
 sensitivity of bladed disks (see the  
 diagram to the left).

(2) Disk design optimization was 
 developed for reducing mistuned 
 blade vibration (see the following  
 graphs).

(3) Turbo-Reduce code features were  
 validated for handling aerodynamic 
 coupling (see the computational grid  
 on the next page). 
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second stripe modes; 1T, 2T, and 3T are the first, second, and third torsional modes; and 1F, 2F, and 3F are the first, 
second, and third flexural bending modes.
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An integral damping approach has been studied for the trailing edge blowing 
(TEB) fan to reduce fan blade vibrations. The TEB fan is a unique technology 
demonstrator that was designed and fabricated at the NASA Glenn Research 
Center for testing in Glenn’s 9- by 15-Foot Low-Speed Wind Tunnel. The rotor 
blades are constructed of a composite core with two 16-ply composite outer 
skins (or shells). The integral damping concept consists of a thin layer of 
viscoelastic material (VEM) embedded within the outer skins to significantly 
damp the primary bending and torsion vibration modes. Air is blown out of slots 
near the trailing edges of the TEB fan blades to fill in the wakes downstream 
of the rotating blades. This leads to a reduction in the rotor-stator interaction 
(tone) noise caused by the interaction of wakes with the downstream stators. 
The TEB fan will demonstrate a 1.6-EPNdB (effective perceived noise deci-
bel) reduction in tone noise through wake filling. Furthermore, the reduced 
blade row interaction will decrease the possibility of forced-response vibra-
tions and enable closer spacing of blade rows, thus reducing engine length 
and weight. 

The viscoelastic material patch, approx-
imately 0.005 in. thick, replaces the 
composite material of the blade skin at 
a selected location of the blade. The 
patch includes a barrier film to protect 
the VEM during the curing process. The 
location, shape, and size of the VEM 
patch have been varied to optimize the 
damping without reducing the strength 
of the blade. Finite-element models of 
the integral damped fan blade were cre-
ated to analytically predict the damping, 
structural strength, vibration mode, and 
frequencies, and to optimize the VEM 
patch location, shape, and size. Four 
sets of blades with different levels of 

Integral Damping Studied for Trailing Edge Blowing Fan
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damping were analyzed, fabricated, and tested. The testing validated the 
structural analysis and demonstrated the feasibility of the integral damp-
ing approach. The optimally damped blade, which had a VEM patch size of 
29 percent of the blade surface, had a resonant blade vibration amplitude that 
was 1.5 to 3.3 times less than that of an undamped blade.

TEB fan blade with embedded VEM damping patch.

VEM patch for
torsion mode
(light gray) 

VEM patch for
bending mode
(dark gray) 

The research described here was 
performed under a grant to Dr. John 
Kosmatka (University of California, 
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The structural effects of the unsteady loading of a pulse detonation tube on a 
downstream turbine were investigated at the NASA Glenn Research Center as 
a possible basis for a hybrid aircraft engine in which the combustor would be 
replaced by a set of pulse detonation tubes arranged in a circumferential array. 
Such hybrid engines may increase fuel efficiency. Combustion would occur 
under constant-volume conditions rather than under the constant-pressure 
conditions of current conventional combustors. Also, the combustion process 
would consist of a sequence of detonations, rather than the deflagration that 
characterizes current combustors. Consequently, the flow downstream of the 
pulse detonation tubes is expected to have a large unsteady component. The 
objective of this study was to analyze the unsteady aerodynamic loading on 
turbine blades to evaluate its structural effects, such as increased vibration 
amplitudes or increased dynamic stresses, which can result in premature 
high-cycle fatigue failures.

This study used numerical flow-field simulation to calculate the aerodynamic 
loading history on turbine blades resulting from the unsteady flow created by 
the upstream pulse detonation tubes. A Reynolds-averaged Navier-Stokes 
code named TURBO was used to model the unsteady flow through the turbine, 
and the pulses from the detonation tubes were introduced into the flow domain 

through upstream boundary conditions. 
The flow inside the pulse detonation tubes 
was not modeled as part of this effort. 
Instead, the conditions at the exit of the 
tube were obtained from a separate one-
dimensional calculation.

The unsteady flowfield through the tur-
bine stage was calculated as part of 
a study that addressed aeroacoustics, 
unsteady aerodynamics, aeroelastics, 
performance, and heat transfer. The 
TURBO code was modified to gener-
ate a time history of the pressure on the 
blade surfaces, and the blade passage 
grids were partitioned to enable rapid 
computations using the parallel TURBO 
code on a computer cluster. Accordingly, 
the time history of pressure for individual 
grid blocks (that comprise the blade 

Turbine Structure Investigated for the Constant-Volume 
Combustion Cycle Engine
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surfaces of a turbine blade) had to be merged and then decomposed into 
Fourier components. The Fourier components with frequencies near the natural 
frequencies of the blade were the ones of most interest since these can cause 
resonant response vibrations in the blades. Large vibration amplitudes lead to 
large dynamic stresses that can shorten the high-cycle fatigue life.

On the structural side, a finite element model was created for the turbine blade. 
The structural analysis packages NESSUS (Southwest Research Institute, 
San Antonio, TX) and ANSYS (ANSYS, Inc., Canonsburg, PA) were used 
to calculate the structural dynamic characteristics of the blade. Then, the 
unsteady aerodynamic loading was mapped from the TURBO computational 
grid onto the finite element mesh and was prescribed as a forcing function (or 
excitation force). Calculations performed with and without the pulse detonation 
tubes upstream of the turbine enabled the effect of the tubes to be identified. 
Initial calculations only modeled the spatial distortion in total pressure and 
total temperature coming into the turbine vane. The detonation tubes actu-
ally produced a spatially nonuniform flow and a time nonuniform flow, but the 
spatial nonuniformities did not have a strong effect on the rotor blades. The 
unsteady flow calculations are being updated with an improved model in which 
the detonation tubes are included as part of the computational domain and 

provide an initial pulse in the flowfield 
that propagates through the turbine 
stage. This work was supported by the 
Constant Volume Combustion Cycle 
Engine Subproject (Leo Burkardt, man-
ager) of the Low Emissions Alternative 
Propulsion Project.
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An engine combustor composite liner is required to operate at elevated tem-
peratures where creep is prevalent. The creep life analysis of a combustor 
liner is, therefore, of great significance. The variation in material properties, 
thermal loading, or mechanical loading makes it mandatory to perform a proba-
bilistic creep life analysis of an engine combustor composite liner. This work 
was directed by the NASA Glenn Research Center to address this important 
problem.

The MARC program was employed for the nonlinear creep life analysis of the 
composite combustor liner. The figure on the next page displays the sensitivity 
factors from the variation of various parameters on the life of the composite 
combustor liner. Clearly, the reliability of the combustor composite liner is most 
sensitive to thermal loads.

Probabilistic Creep Life Analysis of an Engine Combustor 
Composite Liner Performed

Model of an engine combustor composite 
liner.
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Results from the reliability analysis.

Demonstrating a pollution-free aircraft is a NASA 21st century goal. The 
NASA Glenn Research Center has been investigating, both through feasi-
bility studies and experimental research, the possibility of hydrogen-fueled 
aircraft that would use fuel cells or turbogenerators to produce electric power 

to drive the electric motors that turn the 
aircraft’s propulsive fans or propellers. 
Conventional electric motors and their 
electronics are too heavy to use in these 
new systems, so Glenn is working to make 
motors lighter and more powerful. One 
new type of motor that shows promise for 
flight application is the ironless permanent 
magnet motor. 

The rotating magnetic flux circuit in this 
device is generated using high-energy-
density permanent magnets configured 
on the rotor in Halbach arrays. The 
magnets are contained by carbon-fiber 
composite rings. Two of these arrays 
working together produce a 1.2-tesla flux 
density at the center of a 0.5-in. gap. This 
eliminates the need for iron in the motor, 
which is heavy, lossy, and potentially very 
expensive. Different stator design and 
active cooling concepts will be investi-
gated to obtain higher current densities. 
The first stator concept was designed 
and manufactured and is currently being 
tested. This stator was constructed using 

Stator and Rotor Designed and Manufactured for an Ironless High-Power-
Density Permanent Magnet Electric Motor for Pollution-Free Aircraft 

First ironless motor pancake stator setup for determining the current density that 
can be achieved with this design.
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Litz wire interlaced with cooling passages 
for heat removal via forced-convection 
heat transfer. In addition, a rotating 
magnet structure is being spun up to 
verify its structural integrity. This work 
was supported by the Alternative Energy 
Foundation Technologies Project.
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Basic ironless Halbach permanent magnet motor hardware designed and 
manufactured in fiscal year 2005. The structural integrity of the rotating 
magnet structures shown is currently being determined.

The G4 bearingless motor is a new type of motor that was success-
fully demonstrated on August 16, 2005, at the NASA Glenn Research 
Center. This innovative motor can be applied to high-speed, long-life, 
or broad-temperature-range products. It combines the features of a 
typical permanent-magnet motor with the functions of a magnetic 
bearing and can be operated as a motor or a generator, transferring 
energy to or from a load. One unique feature of this motor is that it 
produces forces in the radial and axial directions, and as a result, 
two motors can be used to levitate a rotor system. Fault tolerance is 
another feature of the motor, enabling it to continue operating even 
after partial failure of the electronics or wiring. The fundamental sci-
entific accomplishment is the successful motoring and levitation of 
a rotor in all degrees of freedom using electromagnetic control from 
only two magnetic actuators. Practically, this configuration brings 
the long-life, noncontact, broad operating temperature range and 
rotordynamic benefits of magnetic bearing technology to a motorized 
system in a compact form factor. 

Bearingless Motor Demonstrated

G4 bearingless motor.
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Reliable, failsafe, robust, compact, low-cost electric motors are needed 
for applications where high temperature or intense temperature variations 
are the norm. Switched-reluctance motors have these characteristics. 
In addition, they are most often the natural choice of motors for opera- 
tion under high rotational speeds (refs. 1 and 2). However, because 
of rotor eccentricity due to fabrication imperfections, conventional 
switched-reluctance motors suffer from vibration caused by large mag-
netic attraction forces on the rotor in radial directions (ref. 3). A solution 
to this problem is to suspend the rotor by magnetic bearings, where the 
vibration suppression capability of these bearings can be employed.

Methods for simultaneously levitating and rotating a switched-reluctance 
motor within a single stator are proposed in references 2 and 4. In these 
motors, the technique of differential stator windings was employed. 
The studies primarily used a main four-pole winding to rotate the rotor 
and a two-pole winding to apply radial force to the rotor, with all of the 
stator poles having both windings thereon. This device consisted of a 
12-pole stator and an 8-pole rotor (12/8 configuration). Self-levitation 
(also called self-bearing) of motors has been achieved for nearly every 
type of electric motor, but it is very marginal in performance for switched-
reluctance motors with low numbers of poles. 

At the NASA Glenn Research Center, a novel eight-stator-pole, six-rotor-
pole (8/6), hybrid bearingless switched reluctance motor, also known as the 
Morrison Motor, was developed to address the marginal performance of 
motors with few poles. The motor employs an alternate mode of operation in 

Novel Eight-Stator-Pole, Six-Rotor-Pole, Bearingless Switched-Reluctance 
Motor Performance Correlated With Analysis

Levitation
lamination
Levitation
lamination

Motoring
lamination
Motoring
lamination

Disassembled eight-stator-pole, six-rotor-pole (8/6) 
hybrid rotor.
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which robust, simultaneous levitation and rotation can be attained, 
not only for 18/12 or 12/8 stator-pole/rotor-pole configurations, 
but also for 8/6 and 6/4 configurations that employ a single set 
of coils positioned on each stator pole. The motoring techniques 
described in references 2 and 4 are not applicable to 8/6 and 6/4 
motor configurations because, for many positions of the shaft during 
rotation, there are no rotor poles in appropriate positions to apply 
levitating forces. In contrast, the hybrid rotor technique ensures 
robust bearingless operation in all four of these configurations.

The successful operation of the Morrison Motor (see ref. 5 for 
a detailed description) hinges on the novel hybrid rotor design 
depicted in the photograph on the preceding page, in which a 
portion of the length of the rotor lamination stack is composed of 
circular laminations (used for levitation) and the remaining portion 
is composed of castellated laminations (used for motoring). 

Inserting circular laminations onto the shaft ensures that levitating 
force is always present as the rotor spins. The recently formulated 
one-dimensional magnetic circuit equations, approximating the 
complex topology of the magnetic field existing in and around 
the hybrid rotor, were employed to generate the theoretical curve 
depicted in the graph. The experimental and theoretical curves 
represent the nonlevitated static radial force on the hybrid rotor.

The prototype achieved a levitated rotor speed of 6000 rpm. Future software 
and hardware upgrades will engender higher rotational speeds. Before this 
demonstration, it was not clear whether or not circular and motor laminations 
could coexist without grossly distorting the magnetic flux distribution, and thus 
seriously degrading or destroying either the levitating or motoring action. A 
paper describing the levitated and nonlevitated magnetic field and force char-
acteristics of the motor is in preparation.
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Pollution-free flight is one of NASA’s goals for the 21st century. One method 
of approaching that goal is hydrogen-fueled aircraft that use fuel cells or tur-
bogenerators to develop electric power to drive the electric motors that turn 
the aircraft’s propulsive fans or propellers. Hydrogen fuel would likely be car-
ried as a liquid, stored in tanks at its boiling point of 20.5 K (–422.5 °F). The 
liquid hydrogen could provide essentially free refrigeration to cool electric 
motor windings before being used as fuel. Either superconductivity or the low 
resistance of pure copper or aluminum in liquid hydrogen could be applied to 
greatly increase electric current density and motor power density.

At the NASA Glenn Research Center, a testbed switched-reluctance motor with 
copper windings was operated in liquid nitrogen at current densities, specific 
torque, and specific force that would not be possible at room temperature. 
Coil current capacity measurements and locked-rotor torque measurements 
were made to guide upgrades in coil geometry and power electronics and to 
validate analysis methods that can be extended to liquid-hydrogen-cooled 
motors. These results are reported in references 1 and 2.

Changes in coil geometry and power electronics have since increased the 
measured torque and power output substantially. Because the phases (and 
even “half phases”) in a switched reluctance motor operate virtually indepen-
dently of each other, Glenn researchers excite the windings on just one pole 
pair and project the measured results to the full-motor performance (12 coils) 
by multiplying the torque and power produced by 6. The previously reported 
best projected power output (ref. 2) was 15 kW (20 hp) for the motor, which 
has an electromagnetic weight of 18 lb. By increasing the drive voltage and 
current capacity of the power conditioning and rewinding the motor coils to 
match the new power electronics, Glenn researchers have more than tripled 
the power output to 47 kW (63 hp) at 12,000 rpm with the motor submerged 
in liquid nitrogen. The specific power now stands at 3.5 hp/lb-EM, the specific 
torque at 1.5 ft-lb/lb, and the specific force at 9 lb/lb-EM (all figures based on 
the electromagnetic weight (EM), as is typically done for switched-reluctance 
motors). By “specific force” we mean the effective specific circumferential 
force applied to the rotor surface, a basic measure of motor performance. 
(It avoids the misjudgment of the relative merits of motors of different radial 
size which, though possessing equally effective motive features, would have 
differing specific torques because the rotor radii differ.) Planned upgrades 
to the power electronics will have only minor effects on the specific torque 
and force, but they may nearly double the specific power by preserving the 
motor’s torque to higher speeds. 
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A switched-reluctance cryogenic motor (ref. 1) is being developed for pollution-
free flight, which is one of NASA’s goals for the 21st century. Before a super- 
high-power-density motor can be developed for the next-generation all-electric 
propulsion system, a noncontact rotor-bearing system is necessary to circum-
vent the poor bearing life that ordinarily accompanies cryogenic operation.

Recently, a variety of bearingless motors—including permanent magnet, 
induction, and reluctance—were introduced. These motors have different 
characteristics and different suitable applications. Among them, switched-
reluctance motors can be good candidates for the electric propulsion system 
because they have inherent fault-tolerance and rotor robustness at high rota-
tional speeds (no coil windings on the rotor). In addition, this type of motor 
generates a high radial force in the air gap that we might be able to use for 
rotor levitation (bearing function). 

At the NASA Glenn Research Center, a 12-stator-pole, 8-rotor-pole (12/8) 
switched-reluctance cryogenic motor (ref. 1) was studied for the bearingless 
motor. This motor does not have separate magnetic bearing coils, but only 
motor coils, as in a conventional motor configuration. The motor coil windings 
on the stator generate a radial force (bearing function) and torque (motor func-
tion) at the same time. On a stator with superimposed differential magnetic 
bearing coil windings on the motor coil windings, the radial force is a function 
of the radial force winding current and the motor current, as well as of the 
rotor rotational position. 

In this work, the theoretical equations 
of radial forces were derived from finite-
element model (FEM) analysis results 
to express fringing fluxes neglecting 
magnetic saturation. This was devel-
oped early by Takemoto et al. (ref. 2) 
and Shuang et al. (ref. 3). We used the 
fringing effects based on the Maxwell 
FEM model shown in the illustration to 
derive the relationships between the 
radial force and current around unaligned 
positions. The radial equations devel-
oped using Takemoto’s method and 
Shuang’s method are compared with 
three-dimensional FEM results in the 
graph on the next page.

In the near future, we plan to develop 
a bearingless controller based on this 
radial force equation and to further inves-
tigate the radial force derivation in the 
magnetic saturation region. This work 
is supported by the Alternate Energy 
Foundation Technologies Project of 
the Low Emissions Alternative Power 
Project (Mark D. Klem, manager).
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Before a super-high-power-density motor 
can be developed for the next-generation 
all-electric propulsion system, a noncon-
tact rotor bearing system is necessary to 
circumvent the poor bearing life that ordi-
narily accompanies cryogenic operation. 
The Self-Levitation Team at the NASA 
Glenn Research Center developed and 
successfully demonstrated a bearingless 
motor control technology for the vertical-
axis, 12-stator-pole, 8-rotor-pole (12/8) 
switched-reluctance motor (ref. 1). This 
motor does not have separate magnetic 
bearing coils, but only motor coils as in 
a conventional motor configuration (see 
the photograph on the left). This novel 

Vertical-Axis, Bearingless Switched-Reluctance Motor for All-Electric 
Propulsion System Demonstrated Successfully

Left: 12/8 switched reluctance motor with motor coil windings only—no magnetic 
bearing coil windings. Right: Bottom view of motor with x- and y-axis position 
probes. Motor coils generate torque and radial force at the same time.
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self-bearing control technology generates the required torque (motor function) 
and radial force (bearing function) by using the motor winding coils only (see 
the right photograph on the preceding page). This is believed to be a world’s 
first for this motor type. 

Two controllers were developed and tested for the bearingless motor. The first 
one is based on the mathematical expression of radial force using Takemoto’s 
method (ref. 2). The other controller is relatively simple because it does not 
require a mathematical equation of radial force. Those two controllers are 
working very well, and details will be published later. As shown in the left 
photograph on this page, the rotor was quite stable in the operation speed 
range from levitation up to 6500 rpm (maximum allowable speed at that time). 
At the operating speed, the rotor orbit has 10 percent of back-bearing clear-
ance. Furthermore, the required levitation current is less than 10 percent of 
the operating motor current (see the right photograph on this page). In the 
near future, a controller will be developed for a horizontal-axis bearingless 
motor, where we will need to generate a levitating force to counteract the rotor 
weight as well as for motor and bearing functions.

This technology can significantly reduce overall system weight by eliminating 
separate mechanical or magnetic bearing systems and the associated plumb-
ing and electrical subsystems. It can also prepare the way for an all-electric, 
quiet, pollution-free aircraft propulsion system. This work is supported by 
the Alternate Energy Foundation Technologies Project of the Low Emissions 
Alternative Power Project.

Motor and 
control currents
Motor and 
control currents

Left: Control screen showing rotor orbit at 6000 rpm and less than 10 percent of backup bearing gap 
(±10 mils). Right: Computer screen showing motor and control currents. Motor speed, 6000 rpm; 
motor current, 4.0 A; levitation current, less than 10 percent of motor current.
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NASA has the goal of completely eliminating the harmful emissions that are 
associated with current aircraft propulsion systems. An advanced electric 
drive with electric power generated by turbogenerators, or by fuel cells using 
hydrogen, is an alternative propulsion system for transport-sized aircraft that 
may help achieve this goal. Another NASA goal is to develop specialized 
unmanned aerial vehicles (UAV) to meet NASA science mission objectives. 
Current propulsion technology limits the endurance and range of UAVs. The 
NASA Glenn Research Center’s High Power Density Motor (HPDM) develop-
ment research team is interested in applying its technology to high-altitude, 
long-endurance remotely operated aircraft (HALE ROA) to enhance vehicle 
performance (see the figure). Consequently, a mission analysis of a HALE 
ROA was conducted to determine if HPDMs are a viable solution for these 
propulsion challenges.

The mission analysis has four major parts: (1) mission selection, (2) UAV 
selection, (3) matching the HPDM with mission requirements and the UAV 
vehicle, and (4) mission analysis. Mission selection involved examining six 
NASA science missions that are considered candidates for HALE ROA appli-
cation. The hurricane tracker mission was selected because it may benefit 
the most by using a HPDM. This mission requires a UAV to fly to a develop-
ing tropical cyclone and follow the system until it makes landfall. From birth 
to landfall, a typical hurricane usually lasts 10 to 14 days, defining the flight 
endurance requirement for this particular mission.

UAV selection was based on research 
performed on numerous current UAVs 
suitable for this mission. The Global Hawk 
was  selected as the best candidate. Cur-
rently used by the U.S. military for high-
altitude reconnaissance, with its current 
propulsion system, the Global Hawk can 
stay airborne for over 36 hr with regular-
ity. The aircraft is large enough, strong 
enough, and fast enough to fly in, over, 
and through strong hurricanes.

The current propulsion system, the 
Allison Rolls-Royce AE 3007H, is a 
modified engine that allows the aircraft to 
climb to altitudes of 65,000 ft. The engine 
produces a maximum of 7600-lb thrust, 
rated at takeoff, and the HPDM design 
used in the analysis can produce upwards 
of 1000 hp, providing enough thrust to 
allow the redesigned aircraft to take off.

The mission analysis involved four 
phases of the flight profile: takeoff, cruise 
out to the storm, loiter over the storm 
until landfall, and land after the storm has 
made landfall. From the takeoff portion of 
the flight, the parameters that were most 
important were the required horsepower, 
thrust, velocity, and takeoff distance. For 
the cruise portion of the flight, the aircraft 
cruising velocity was important since it 
determines how fast the aircraft can reach 
the storm system. For the loiter phase, 
when the aircraft circles over or through 
the storm until it makes landfall, the major 
factors that determine the aircraft’s per-
formance are the cruise velocity and the 
endurance of the aircraft.

The results of the study revealed that 
the HPDM could not meet the minimum 
10-day endurance requirement desired 
for hurricane tracking because of fuel-
space limitations in the current Global 
Hawk design. The HPDM did, however, 
improve the UAV endurance from 48 
to 130 hr, which is a very significant 
performance improvement. If sufficient 

Mission Analysis Conducted of a High-Altitude, Long-Endurance, Remotely 
Operated Aircraft With a High-Power-Density Electric Motor

Cryogenic motor
Ironless motor Tip drive motor Superconducting motor

Advanced high-power-density electric motors, such as superconducting motors, 
are being developed. These motors may provide electric propulsion for future 
HALE ROA used to support NASA science missions, such as hurricane tracking. 
Flight mission analyses have been conducted to determine the viability of these 
advanced motors.
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fuel space was available and the specific fuel consumption of the fuel cells 
was lowered, the proposed 240 hr could be reached. This study shows that 
HPDM technology could be viable for future aircraft and UAV performing civil 
missions like hurricane tracking. The 130-hr endurance shows that, based on 
the assumptions and analysis of this study, these motors will allow aircraft to 
fly longer while reducing harmful emissions.
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In the design of future high-speed jet engines, whose operating temperatures 
will most likely exceed 400 °C, the choice of a lubricant and lubrication method 
will be of considerable concern. Because of the thermal limits of conventional 
liquid lubricants, vapor/mist phase lubrication (VMPL) has received atten-
tion over the past decade as an alternative approach for high-temperature 
lubrication.

VMPL is a unique lubrication technology where a small quantity of an organic 
liquid lubricant is either vaporized or misted into a high-velocity stream of air. 
The air-lubricant stream is directed toward bearings and/or gears. This tech-
nology has substantial potential for near-term use as an emergency backup 
system for loss-of-oil situations in aircraft and could 
serve, with further refinements, as the primary lubrica-
tion system for advanced aircraft of the future.

Nearly all previous work, including that by NASA and 
the Air Force, involving VMPL focused on the use of 
organophosphorous oils. Although these oils adequately 
lubricated bearings and gears, it was found that the oils 
reacted excessively with the bearing and gear surfaces, 
leading to unacceptable wear rates and erratic tempera-
ture spikes. Research at the NASA Glenn Research 
Center identified a thioether lubricant that provides 
outstanding lubrication with no detectable wear of the 
bearing and gear components and elimination of the 
temperature spikes.

A series of tests were concluded this 
year that involved the lubrication of a 
spur gearbox rig using the thioether 
as the vapor/mist phase lubricant. Two 
spur gears were loaded against each 
other in excess of 1-GPa pressure to 
ensure boundary lubricating conditions, 
and they were operated at 10,000 rpm. 
The thioether was delivered to the spur 
gears as a fine mist or fog at a rate of only 

Thioether Tested for the High-Temperature Vapor/Mist Phase Lubrication of 
Bearings and Gears
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10 ml/hr. After 30 hr of running time, the spur gears were examined for wear. 
Even under these severe operating conditions, no detectable wear was 
found. 

These tests show that VMPL technology using the thioether has immediate 
application as an emergency backup lubrication system where weight and 
size constraints can be minimized aboard aircraft and has excellent potential 
as the primary lubrication system for future advanced aircraft where conven-
tional liquid lubricants cannot be used.

Find out more about the research of Glenn’s Mechanical Components 
Branch: 
http://www.grc.nasa.gov/WWW/5900/5950/
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High-speed, heavily loaded, and lightweight gearing components are com-
monplace in rotorcraft systems. These systems are expected to deliver high 
power from the gas turbine engines to the high-torque, low-speed rotor. The 
gearing systems in these extreme-duty applications can have thermal behavior 
problems because of high pitch line velocities that approach 25,000 ft/min.

A significant number of tests with varying speeds and loads were conducted 
on a full-scale, aircraft-quality, high-speed helical gear train. These tests vali-
dated the effects of gear shrouding and lubricant jet pressure on the thermal 
and mechanical performance of this gear system.

Because of the high speed, the thermal behavior of mechanical components 
can change a design that is successful from a load-capacity (bending and 
contact stress) viewpoint into a thermally induced failure (because of high 
operational temperatures, gear tooth scoring, and high drive system losses). 
In rotorcraft drive systems, such as those of tiltrotors, a helical gear train is 
used to separate the parallel engine and rotor shafting on the aircraft. This 
part of the drive system operates at very high rotational speeds and carries the 
full power of the engine during operation. In this type of arrangement, several 
idler gears are used to transmit power between the engine and the rotor shaft 
centerlines. Since these gears have two thermal cycles per revolution and are 
extremely lightweight (low heat-carrying capacity), the successful operation of 
the system in all possible normal and emergency conditions can be difficult. 
The test facility at the NASA Glenn Research Center is full scale and can 
operate to 15,000 rpm (to simulate the engine input rotational speed) and at 
power levels to 5000 hp. The test facility is being used to assess performance 
improvements for normal and emergency lubrication operation.

The current test program investigated 
the effects of gear shrouding and lubri-
cating jet pressure on the performance 
of this high-speed helical gear train. 
The temperature increase in the lubri- 
cant and power loss on the gearing sys-
tem as a function of these variables is 
shown in the graphs on the next page. Test 
data are shown for two speeds (12,500 
and 15,000 rpm, for forward flight and 
hover conditions, respectively), whereas 
the load on the system was maintained at 

Influence of Speed and Load on High-Speed Helical Gear Trains Investigated

Helical gear train test components.
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similar conditions (approximately 33 per-
cent of full conditions). Both measured 
parameters, the temperature increase 
across the test gearbox and the amount 
of power to drive the entire facility, were 
affected by the shrouding and the lubri-
cant jet pressure. At either speed condi-
tion, the full shroud case was the best 
over all the speed and load conditions 
except when the flow was reduced to 
approximately 60 psi. Using just the 
bottom half of the shrouds resulted in 
a high temperature increase across the 
test gearbox. The no-shroud condition 
could not be conducted at 15,000 rpm 
because of operational instability thought 
to be due to interactions between the 
lubricant and the bull gear that affected 
the proper scavenging of the lubricant. 
A similar trend is shown for the amount 
of power supplied to the entire test facil- 
ity for shroud, bottom-half-shroud, and 
no-shroud conditions. Full-shrouded 
gears require the least amount of drive 
motor power for the tests conducted.

Find out more about Glenn’s 
Mechanical Component’s Branch:
http://www.grc.nasa.gov/WWW/5900/5950/
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Top: Effect of lubricant jet pressure, input shaft speed, and shrouding on 
the temperature increase across the test gearbox. Bottom: Effect of lubri-
cant jet pressure, input shaft speed, and shrouding on the power to drive 
the test facility.
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Space shuttle orbiters use geared actuators to control the rudder/speed brake 
and body flap panels that are used for flight control and steering. Therefore, the 
gears used to position the panels are safety-critical components. Inspection 
of gears from flight units revealed unexpected damage to the gear working 
surfaces. Working as part of the NASA Safety Engineering Center’s (NESC) 
Independent Assessment Team, a project was executed to determine whether 
or not gears with defined levels of damage are fit for service. 

The first two steps of the project were to establish the root cause of the dam-
age and to replicate the damage on gear test specimens. Experiments were 
done using NASA Glenn Research Center’s Spur Gear Test Rigs, which were 
specially modified for this project. The rigs were arranged to give a controlled 
dithering (back-and-forth) motion to a set of gears representative of those 
used on orbiters. The test gears had damage fully representative of that found 
on the flight hardware. The damage on the working surfaces of the gears 
was identified as a form of fretting damage. Thus, it was established that the 
observed fretting damage on flight hardware was caused by many repetitions 
of a small-amplitude dithering motion with relatively small loads.

The third step of the project was to investigate the damage tolerance of gears 
having fretting damage. Test gears were subjected to fretting motions to impart 
fretting damage and then subjected to motions and loads representative of 
flight control requirements. After the damaged gears were exercised to simu-
late flight requirements, the residual strengths of the test gears were deter-
mined using a newly devised and commissioned single-tooth bending fatigue 
test rig. Both the damaged test gears and new gears were tested to failure 
to determine and compare the fatigue lives and failure modes. Several tests 

were done since gear bending fatigue 
is a probabilistic phenomenon requiring 
multiple tests to properly establish fatigue 
lives. The testing demonstrated that the 
bending fatigue lives of the undamaged 
and damaged gears were similar. Most 
importantly, both the new gears and the 
damaged gears failed at the base of the 
gear tooth, away from the fretting damage 
that was located on the contacting-flank 
portion of the gear teeth (see the photo-
graph). We concluded that the fretting 
damage did not reduce the low-cycle-
fatigue lives of the gears. 

This gear testing devised and executed 
at Glenn demonstrated the damage toler-
ance of gears with fretting damage. The 
project and the demonstrated results 
were a key part of the NESC Rudder/
Speed Brake Gear Margins Indepen-
dent Technical Assessment supporting 
the safe return to flight of the space 
shuttle.

Find out more about this research:

Glenn’s Mechanical Components 
Branch: 
http://www.grc.nasa.gov/WWW/5900/5950/

NESC: http://nesc.nasa.gov/index.
cfm?linkfrom=home 
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Damage Tolerance of Gears Demonstrated for Application to the Space 
Shuttle Rudder/Speed Brake Safety Assessment 

Gear tooth with fretting and pitting damage tested to failure using the 
single-tooth bending test method.
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In support of space shuttle return-to-flight efforts, gear-scuffing tests were 
conducted by the Mechanical Components Branch at the NASA Glenn 
Research Center. A new test gear box was designed, fabricated, and installed 
in Glenn’s Gear Noise Test Facility to test flight gears from the shuttle 
rudder/speed brake power drive unit (PDU). Failure of these gears during flight 
could jam the rudder/speed brake, which is needed for steering and landing 
the shuttle, and cause a catastrophic failure. The objectives were to recreate 
scuffing damage similar to that found on the flight gears at conditions expected 
during back-drive, to document conditions that induce scuff, to demonstrate 
that scuffed PDU flight gears can be operated long enough to complete a 
shuttle mission, and to quantify the scuffing and tooth wear.

Scuffing-like damage was found on the tooth surfaces of gears 5 and 6 of the 
shuttle rudder/speed brake PDU 2 after a transient back-driving event occurred 
in flight. Tests were conducted using a pair of unused space flight gears 
in a bench test setup (see the photograph) at operating conditions up to 
2866 rpm and 1144 in.-lb at the input ring gear and 14,000 rpm and 234 in.-lb 
at the output pinion gear. This corresponds to a power level of 52 hp.

This test condition exceeds the maxi-
mum estimated conditions expected in 
the back-driving event that was thought 
to produce the scuffing damage. Some 
wear marks were produced, but they 
were much less severe than the scuffing 
damage produced during shuttle flight. 
These tests gave confidence to the 
Shuttle Project Office to proceed with the 
launch of space shuttle flight STS–114. 
If a future shuttle flight includes a back-
driving event that produces gear scuffing, 
Glenn’s bench test rig could be used to 
assess the remaining life of gears that 
were scuffed in flight. Such an approach 
provides the most direct assessment 
method short of system-level testing. 

Find out more about the research 
of Glenn’s Mechanical Components 
Branch:
http://www.grc.nasa.gov/WWW/5900/5950/
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Space Shuttle Power Drive Unit Gears Tested for Scuffing

Space shuttle rudder/speed brake PDU flight gears installed in a test gear box for 
scuffing tests at Glenn. 
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During the investigation into the loss of the Space Shuttle 
Columbia (STS–107), the Columbia Accident Investigation 
Board requested an investigation into the main landing gear 
(MLG) door environmental seals. Visual inspections of the seals 
on Space Shuttle Discovery (OV–103) revealed that the seals 
were permanently deformed, which necessitated their replace-
ment. In addition, constant-height shims were added to the 
MLG doors to ensure that the proper compression was applied 
to the seals. However, the shims caused the newly installed 
seals to generate excessive loads that prevented full closure 
of the doors. The NASA Johnson Space Center requested that 
the NASA Glenn Research Center perform compression tests 
and leakage evaluations of the seals to obtain data to guide 
seal installation and maintenance as well as to aid in closing 
the MLG doors. The MLG door environmental seal is shown in 
the photograph to the right.

Three seal-installation variables were examined as potentially 
contributing to the excessive loads generated by the replace-
ment MLG door seals: the presence of a groove adjacent to the 
seal bulb, the loading speed of the seal bulb, and excess room-temperature 
vulcanizing (RTV) rubber bonding agent applied under the seal bulb. The 
following figure presents the loads generated by the seal at 63-percent com-
pression for each installation variable and its respective control case. The 
groove and the loading speed of the bulb had no significant effect on seal load-
ing, whereas excess RTV rubber under the seal bulb dramatically increased 
the load generated by the seal. The figure also shows two photographs of 
a fully compressed seal, one showing a seal with excess RTV rubber under 
the bulb and the other showing the control case.

The figure on the next page presents 
results from leakage tests performed at 
discrete compression levels with a pres-
sure drop of 2 psig across the seal. The 
bulb-first and tail-first seal orientations 
indicate the location of the high-pressure 
side of the seal and simulate the pressure 
loading during orbiter reentry and ascent, 
respectively. At 0-percent compression 
(i.e., the seal touching the opposing sur-  
face without bulb compression), the leak-  
age rates measured from the two seal 
orientations differed by two orders 
of magnitude. The tail-first case with 
0-percent compression demonstrated 
seal leakage in excess of the 3-SCFM1-
of-seal certification limit. Imposing com-
pression upon the seal bulb reduced 
the leakage rate sufficiently to meet the 
requirements and also reduced the differ- 
ence in leakage measured between the 
two seal orientations.

Using Glenn’s test data and recommen-
dations, shuttle technicians were able 
to close Discovery’s MLG doors. The 
starboard MLG door was successfully 
closed after technicians removed excess 
RTV rubber from under the bulb of the 

Environmental Seals of the Space Shuttle Main Landing 
Gear Door Investigated
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newly installed environmental seals. Successful closure of the port MLG door 
required further minor modifications in addition to the removal of the excess 
RTV rubber. Flow tests performed at Glenn demonstrated that when installed 
and maintained at an appropriate compression level, leakage rates across 
the seals meet the requirements in the certification drawings.
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Leakage rates measured across the MLG door environmental seal for discrete 
compression levels for both bulb-first and tail-first orientations. The pressure drop 
across the seal was 2 psig.
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Exploration of the planets and moons of the solar system will require sev-
eral types of vehicles, including manned and unmanned rovers, construction 
vehicles, and mining vehicles. These vehicles will need mechanical drives 
that are lightweight, efficient, reliable, and long-lived, even as they operate 
under harsh conditions involving temperature extremes, rough terrain, hard 
vacuum, and abrasive dust.

Space mechanisms design requirements are strongly application-specific. 
Factors that will influence rover vehicle drive design decisions include the 
speed, torque, weight and space allowances, temperatures, lubrication, chal-
lenges of the environment, and requirements for efficiency, life, and reliability. 
In addition, heat dissipation can be a problem for high-power drives, especially 
if solid lubricants are used.

This study at the NASA Glenn Research Center considered classical gear 
designs, including simple spur and helical stages and combinations of simple 

stages such as epicyclic (planetary) 
transmissions, including compound plan-
etary and differential transmissions and 
harmonic drives. Each of these types has 
specific advantages and challenges.

The study also considered novel con-
cepts, such as traction drive trans-
missions and hybrid traction-gear 
transmissions. Novel concepts need 
additional development work to establish 
their reliability and suitability for particu-
lar missions.

Very high gear ratios are available by cas-
cading transmission stages. The stages 

Tradeoffs of Various Concepts for Planetary Vehicle Drives Studied
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need not be of the same type. For 
example, the 1500:1 ratio used 
on the Mars Exploration Rover 
was obtained with an 18.8:1 
planetary first stage and an 80:1 
harmonic-drive second stage. 
Staging can optimize the per-
formance of a transmission. The 
Mars Exploration Rover benefits 
from the high torque to weight of 
the harmonic-drive output stage 
while avoiding problems from the 
limited life of the input bearing of 
the harmonic drive.

Some of the general charac-
teristics are summarized in the 
table.

The graph relates the mass to 
the output torque of high-ratio, 
space-rated drives from four 
commercial vendors. The drives 
include 80:1 and 160:1 harmonic 
drives, two-stage planetary units 
with ratios from 61:1 to 114:1, and 
miscellaneous drives with ratios 
up to 17933:1.

Find out more about this research:

Space Mechanisms Project:
http://www.grc.nasa.gov/WWW/spacemech/
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Mass of high-ratio transmissions from four commercial vendors as a func-
tion of the output torque. Curve-fitting mass M versus torque T yields  
M = 0.0678T0.7782, where M is in kilograms and T is in newton-meters.
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Inclusions can cause early and catastrophic fatigue failure in powder metal- 
lurgy alloys. They act as sites for premature crack initiation, bypassing 
the typically long period of slow crack growth. To study this phenomenon, 
researchers conducted a test program at the NASA Glenn Research Center 
involving specially prepared powder metallurgy alloy test specimens with 
controlled inclusions. Because inclusions tend to be small and relatively rare 
in current production powder, inclusions of known size distributions were 
introduced to the precursor powder to ensure that a prescribed average 

Modeling of Nonmetallic Inclusions in Powder Metallurgy Alloys Improved

Projected area of an ellipsoidal representation of an inclusion. Inset photograph 
displays cracks propagating from noncoplanar asperities.
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Comparison of fracture surface failure-initiating inclusion areas with simulated maximum cross section and projected area for 

Left: Ram 90–270+325 (mesh size). Right: Alcoa T64–140+170 (mesh size).

number would occur on the surface of 
the fatigue test samples. A geometric 
model was devised at Glenn so that the 
inclusions could be modeled as crack-
initiating defects. It models the inclusions 
as ellipsoids that can have three differ-
ent dimensions (semi-axes) and random 
orientation. 

In examining the fracture surfaces of 
failed “seeded” specimens, we found 
that the expected maximum cross sec-
tion of an inclusion was not always an 
accurate predictor of the starting crack 
size. Geometric simulations based on 
the maximum-cross-section assumption 
predicted size distributions that have 
smaller means and less scatter than the 
size distributions observed on fracture 
surfaces. We also observed that cracks 
tend to grow from the corners of inclu-
sions and do not always initiate in the 
same plane (see the top right figure). 

These observations led to an alternate 
assumption that the projected area of 
the inclusion may be a more accurate 
predictor of the crack-initiation area. 
Consequently, a closed-form solution 
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for the projected area of a randomly oriented arbitrary ellipsoid was derived. 
Simulations based on the projected-area assumption showed improved cor-
relation with the observed fracture surface area distributions.
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A design synthesis methodology was developed at the NASA Glenn Research 
Center to optimize the composite stabilizer of an airliner. The stabilizer was 
separated into components, including the spars, the webs or stiffeners, com-
posite face sheets, the elevator, and the carry-through frame. Each compo-
nent was optimized for its free-body reactive loads. The entire stabilizer was 
synthesized from the optimized components. The design synthesis used the 
commercial MSC/Nastran code (MSC Software Corporation, Santa Ana, CA) 
as the analysis tool and Glenn’s testbed CometBoards as the optimizer. The 
stabilizer, made of 80-percent composite material and 20-percent metal, was 
subjected to over 500 load conditions. A reduced set of critical load cases 
was extracted for design calculation on the basis of a strain energy criterion, 
which was also validated from a probabilistic sensitivity analysis. 

Stress, vibration, and frequency analyses 
were performed for a finite-element model 
that contained about 20,000 elements 
and 80,000 degrees of freedom. The 
analysis exhibited interactions between 
the local frequency and buckling modes. 
The bar chart on the next page illus-
trates the optimization of a component 
design, considering the central spar as 
an example. The optimum solution was 
generated for the minimum-weight con-
dition for strength (with a 20-ksi stress 
allowable), for stiffness (with the displace-
ment limitation in the 12- to 24-in. range), 
and for a 0.70-Hz frequency constraint 
for the set of free-body loads. The initial 
design with a weight of 78 lbf contained 
an infeasible strength constraint. Opti-
mum solutions for different constraint 
scenarios, which used constraint and 
design variable formulations as well 
as the cascade optimization algorithm 
available in CometBoards, are shown in 
the bar chart. The optimization process 
reduced weight by 10 to 15 percent by 
readjusting the design parameters.

Design of an Airliner-Stabilizer Optimized Through 
Component Mode Synthesis

Top: Aircraft stabilizer—symmetrical half. Bottom: Central spar made of six different 
materials.
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Initial design
σ ≤ 20 ksi

1 infeasible σ
Xmax = 15.17 in.

77.67 lbf

8 active σ
Xmax = 16.84 in.

δ ≤ 24 in.

65.53 lbf

4 active σ
1 active δ

δ ≤ 15 in.

68.65 lbf

1 active δ

δ ≤ 12 in.

81.95 lbf

1 active f
1 active δ

δ ≤ 12 in.
f ≥ 0.70 Hz

82.51 lbf

Optimum solutions for different constraint scenarios; σ, stress; δ, displacement; and 
f, frequency; Xmax, maximum allowed displacement.

Cyclic-and time-dependent behavior can significantly affect the life of aero-
space propulsion components. Consequently, one needs an accurate con-
stitutive model that can represent both reversible and irreversible behavior 
under such loading conditions. To accomplish this, researchers at the NASA 
Glenn Research Center adopted a complete-potential-based framework, 
wherein strain, stress, and the thermodynamic functions (stored energy and 
dissipation) are appropriately partitioned to form a general viscoelastoplas-
tic, multimechanism, deformation model (see ref. 1). This framework, named 
Generalized VIscoelastoplasticity with Potential Structure (GVIPS), attempts to 
capture the underlying physical processes associated with microscopic defects 
(e.g., dislocations, grain boundaries, and voids in metals) and their compli-
cated interactions, which span an entire spectrum of time and length scales, 
through the introduction of a multiplicity of mechanisms in the mathematical 
description. The use of multimechanisms in the GVIPS-class formulation 
enables the specialization of this general model into simpler (more restricted in 
scope) formulations—for example, purely elastic, linear viscoelastic, classical 
rate-independent elastoplastic—as well as more elaborate forms of heredi-
tary descriptions—involving such phenomena as viscous effects, nonlinear 
hardening, dynamic recovery, thermal/static recovery, relaxation, ratcheting, 
or shakedown phenomena under load cycles.

Multimechanism Viscoelastoplastic Model Used to Characterize and 
Predict High-Temperature TIMETAL 21S Cyclic and Cyclic-Relaxation 
Deformation Behavior

Previously, a six-mechanism viscoelas-
tic and a three-mechanism viscoplastic 
GVIPS model was characterized with 
three constant total-strain-rate (ε= 10–4, 
10–5, and 10–6 1/sec) tensile tests, three 
constant-load creep tests, one three-step 
creep test, three relaxation histories, and 
a single fully reversed hysteresis loop. 
The predictive ability was then validated 
with multiple-step relaxation tests and 
a creep-plasticity interaction test (see 
ref. 2). Recently, the predictive capabili-
ties of this original model and its higher 
fidelity counterparts (i.e., ones with addi-  
tional viscoplastic mechanisms) were 
examined in the context of 12 specifi-
cally designed cyclic tests at 650 °C, 
with and without mean stresses (wherein 
significant ratcheting can take place). In 
addition, three complex cyclic-relaxation 

.
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history tests, also performed at 650 °C, were reserved for validation purposes. 
The details of these experiments are discussed in reference 3. The motiva-
tion behind the selection of this specific test matrix was to gain insight into 
the appropriate functional forms to be taken for flow and hardening as well 
as to identify the appropriate state variables and material parameters to best 
describe the path and history dependence of TIMETAL 21S. 

The graphs show representative predictive results obtained for multiple cycles 
of one of the three complex cyclic-relaxation histories reserved for validation 
purposes, given a six-mechanism reversible and a seven-mechanism irre-
versible viscoelastoplastic model. The corresponding material parameters 
were obtained using tensile, creep, relaxation, and fully reversed cyclic data 
and mean stress cyclic ratcheting characterization tests. Clearly, the model 
can accurately predict these complex cyclic-relaxation histories. Note that 

the top graphs illustrate the stress-strain 
response corresponding to three block 
loading histories consisting of two inter-
rupted cycles followed by 50 uninter-
rupted cycles each. The bottom graphs 
show the subsequent material response 
for three similar block loading histories; 
however, in this case the interrupted 
cycles are reversed from those in on the 
top. A specially designed and developed 
python script for ABAQUS (ABAQUS, 
Inc., Providence, RI) was required to 
obtain the more complex load histories 
in which the control variable and target 
variable differ in character (e.g., strain-
controlled, stress-limited; or stress- 
controlled, strain-limited). 
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Strain-controlled, strain-limited, reversed complex cyclic-relaxation block histories 
conducted at 650 °C (i.e., path 2) that had prior histories related to path1 in the top 
graphs. IC 157 (as are IC 209 and IC 261) is an interrupted cycle (IC) containing 
eight 2-hr relaxation histories. This is then followed immediately by a second cycle 
(IC 158) that has four 2-hr relaxation histories (similar cycles are IC 210 and 
IC 262). Note that between each set (e.g., IC 157  IC 158 and IC 209  IC 210), 
50 uninterrupted strain-controlled, strain-limited (0.005 in/in) cycles are performed. 

Strain-controlled, strain-limited, complex cyclic-relaxation block histories conducted 
at 650 °C (i.e., path 1). IC 1 (as are IC 53 and IC 105) is an interrupted cycle (IC) 
containing eight 2-hr relaxation histories. This is then followed immediately by a 
second cycle (IC 2) that has four 2-hr relaxation histories (similar cycles are IC 54 
and IC 106). Note that between each set (e.g., IC 1  IC 2 and IC 53  IC 54) 
50 uninterrupted strain-controlled, strain-limited (0.005 in/in) cycles are performed.  
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A prototype software tool was developed at the NASA Glenn 
Research Center to integrate manufacturing process model-
ing and probabilistic structural analysis. Two manufacturing 
processes were considered: a powdered-metal forging pro-
cess and annular deformation resistance welding (ADRW). 
Interface modules were developed that automatically transfer 
IGES files or convert CDB files from ANSYS computer-aided 
design (ANSYS, Inc., Canonsburg, PA) models to the DEFORM 
manufacturing process simulation code (Scientific Forming Technologies 
Corporation, Columbus, OH). Other modules handle such tasks as setting 
up probabilistic input data. These modules utilize graphical user interfaces 
to specify input parameters that are subsequently transferred to NESTEM, a 
NASA-sponsored probabilistic finite-element analysis code. Although the pro-
totype represents a work in progress, some example problems have already 
been solved. 

Present-day structural analysis performs either a deterministic or probabilistic 
calculation based on either a fixed set of mechanical properties and process 
parameters or the same properties and parameters with assumed distribu-
tions, respectively. The distribution characteristics of these variations are not 
necessarily reflective of the actual variation that may arise in practice. Probably 
the single most important factor influencing these variations comes from the 
manufacturing processes. For example, processes such as welding, casting, 
and forging can cause large variations in the resulting mechanical properties 
because of the operational variations in these processes, as well as variations 
in the materials themselves. Therefore, having a quantitative understanding of 
these processes and integrating the resulting information into a probabilistic 
calculation environment could lead to a much more realistic prediction of the 
structural response of a mechanical component in service. Specifically, this 
could lead to a more realistic assessment of the sensitivities of the mechani-
cal properties and response, and of how they are affected by variations in the 
manufacturing process.

Resistance heating is used for many different manufacturing processes, 
including the welding of two parts. However, joining parts by this process has 
been restricted primarily to the flat-sheet components used in automotive and 
aerospace applications. In welding tubular products, a conventional welding 
process may burn holes unless very precise control is in place. Also, round 
parts may need to be fixtured or turned during the joining process, increasing 
cost and time substantially. 

ADRW takes advantage of the resistance heating process used in resistance 
spot welding, but it uses an annular electrode to handle tubular products. By 
using resistance heating, it raises the temperature of the joining surfaces locally 
to a high fraction of the homologous temperature. It also allows substantially 
high pressure to be applied at the joining so that the two joining surfaces can 
slide past each other, creating a solid-state bond instead of the fusion nugget 
in spot welding that signifies melting and solidification. Even though this is a 

recently developed welding process, it 
has been used successfully to join tubes 
to solids: various sizes of sheet metals 
and tubes made of mild steel, stainless 
steel, and some nickel-based super-
alloys. The process has been shown 
to create leak-tight joints with superior 
strength at a much more rapid pace than 
with conventional welding methods.

Two separate interfaces, Forgprob and 
Probdraw, were developed at Glenn to 
connect the forging code DEFORM and 
ADRW process modeling with NESTEM. 
These interfaces enable users to quan-
tify the influences of uncertainties in 
the variables associated with these two 
manufacturing processes. This quantified 
information is very critical for designers. 
Although designers traditionally account 
for these effects via factors of safety, 
the outcome of such factors remains 
unquantified. Probdraw is illustrated in 
the figure. The architecture of the two 
interfaces is basically the same.
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Software Tool Developed to Integrate Probabilistic Structural Analysis With 
the Simulation of Manufacturing Processes
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welding (Probdraw).
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A new progressive failure analysis capability for stiffened composite 
panels was developed at Collier Research Corporation and the NASA 
Glenn Research Center. It combines Collier’s HyperSizer (ref. 1) stiff-
ened panel design software with Glenn’s Micromechanics Analysis Code 
with Generalized Method of Cells (MAC/GMC) (ref. 2). MAC/GMC dis-
cretizes a composite material’s microstructure into a number of subvol-
umes and solves for the stress and strain state in each while providing 
the homogenized composite properties. As a result, local failure criteria 
can be employed to predict local subvolume failure and the effects of 
these local failures on the overall composite response. When combined 
with HyperSizer, MAC/GMC represents the ply-level composite mate-
rial response within the laminates that constitute a composite stiffened 
panel. The effects of local subvolume failures can then be tracked as 
loading on the stiffened panel progresses.

Progressive failure occurs when a structure experiences a significant 
amount of damage prior to final failure. The life of the structure is, therefore, 
not accurately represented by the point at which failure initiates, rather, 
failure progresses from initiation to final failure in some way. Clearly, in 
order to predict the life of such a structure, a methodology that tracks 
the failure progression is needed. This type of methodology has been 
enabled for arbitrary composite laminates and stiffened panels via the 

Progressive Failure Analysis Capability for Composite Stiffened 
Panels Developed 
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Experiment initiation
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Existing HyperSizer
panel-to-laminate-to-ply
capabilities

New MAC/GMC coupling
ply-to-fiber/matrix
constituent capabilities

MAC/GMC repeating unit cell representing
a continuous fiber composite

T-stiffened panel-to-ply-to-micromechanics simula-
tion now available within HyperSizer in the context 
of time-dependence and progressive failure. On 
the basis of the panel-level loads, HyperSizer 
determines the laminate- and ply-level stresses 
and strains, which are passed to MAC/GMC. 
MAC/GMC then determines fiber- and matrix-level 
stresses and strains and can predict local damage 
and failure, the effects of which are then passed 
back to the higher scales. Thus, the effects of 
local damage progression on the panel-level 
response can be simulated. 

These two plots compare predictions of the described analysis technology with experimental results from the literature. 
Left: Biaxial stress-versus-strain response of the laminate; curves representing both midplane strains, εxx and εyy are plot-
ted against the stress σyy.  The curves are nonlinear because of progressive damage, and the model and experiment match 
very well. The ultimate strength of the laminate in the experiment was 847 MPa, whereas the model predicted 820 MPa. 
Right: Several failure envelopes plotted on σyy versus σxx axes. The predicted ultimate failure envelope matches well with 
the experimental data, whereas the predicted failure initiation is somewhat inside the associated experimental data and well 
within the experimental and predicted ultimate failure envelopes. The envelopes that represent common first-ply failure cri-
teria (maximum stress, maximum strain, Tsai-Hill, Tsai-Wu, Hashin, and LaRC03) are well inside the experimental ultimate 
failure envelope in the tensile regime and closely match the HyperSizer-predicted initiation curve. In compression, all the 
failure envelopes match reasonably closely. 
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combination of HyperSizer with MAC/GMC. MAC/GMC can provide the ply-
level composite material properties to HyperSizer, from which HyperSizer can 
determine laminate- and panel-level properties (see the illustration on the 
preceding page). Furthermore, because MAC/GMC localizes to the level of 
the fiber and matrix constituents, microscale failures can be predicted given 
ply-level stresses and strains from HyperSizer. The new ability of HyperSizer 
to apply loading to a stiffened panel incrementally (i.e., time-dependent load-
ing) has now enabled progressive failure analysis based on local failures 
predicted within MAC/GMC while eliminating the stiffness contribution of the 
failed regions within the fiber and matrix constituents.

Example results are shown in the graphs on the preceding page for a quasi-
isotropic [0/45/90]s AS4 graphite/3501–6 epoxy composite whose response 
was tested as part of the World Wide Failure Exercise (ref. 3). In the graph on 
the left, the HyperSizer—MAC/GMC progressive-failure prediction matches 
well with the nonlinearity in the experimental laminate stress-strain curves, 
while matching the ultimate failure stress within approximately 3 percent. The 
graph on the right shows that the predictions agree well with the full normal 
stress experimental failure envelope. Furthermore, in contrast to common 
ply-level failure criteria (which significantly underpredict ultimate failure), the 
current progressive failure methodology enables the prediction of both damage 
initiation and ultimate failure envelopes. The graphs on this page show similar 
results for a T-stiffened [0/45/90]s AS4 graphite/3501–6 epoxy composite 
panel (see the illustration on the preceding page). Although no experimental 
results are available in this case, the progressive failure capabilities of the 
new analysis tool are illustrated.

Two plots for a T-stiffened panel—one representing deformation and the other representing failure envelopes. No 
experimental data are plotted in this case. Left: Midplane strains εxx and εyy plotted versus the panel-force resultant Nyy. 
Nonlinearity due to damage is evident. Right: HyperSizer damage initiation and ultimate failure envelopes are plotted 
with the initiation envelope falling well within the ultimate failure envelope, even in the compressive regime. The com-
mon first-ply failure criteria (maximum stress, maximum strain, Tsai-Hill, Tsai-Wu, Hashin, and LaRC03) are between the 
predicted initiation and ultimate failure envelopes in the compressive regime and close to the predicted initiation enve-
lope in the tensile regime. 
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Hybrid Power Management Program Developed a Fuel-Cell-Powered 
Utility Vehicle

ENGINEERING SYSTEMS

In fiscal year 2005, the NASA Glenn Research Center initiated the devel-
opment of a fuel-cell-powered utility vehicle as a way to reduce pollution 
in industrial settings, reduce fossil-fuel consumption, and reduce operating 
costs for transportation systems. The utility vehicle provides an inexpensive 
approach to advance the state of the art in electric vehicle technology in a 
practical application.

The project transfers space technol-
ogy to terrestrial use via nontraditional 
partners, and it provides power system 
data valuable for future aeronautics and 
space applications. The work was done 
under the Hybrid Power Management 
Program, which includes the Hybrid 
Electric Transit Bus. The Avionics, 
Power and Communications Branch of 
Glenn’s Engineering Systems Division 
initiated the Hybrid Power Management 
Program for the Technology Transfer 
and Partnership Office. The program 
is the innovative integration of diverse, 
state-of-the-art power devices in an opti-
mal configuration for space and terrestrial 
applications. The appropriate application 
and control of the various power devices 
significantly improves overall system 
performance and efficiency. Applications 
include power generation, transportation 
systems, biotechnology systems, and 
space power systems. 

The basis of this project is a dedicated 
state-of-the-art electric utility vehicle. A 
unique aspect of the project is the use 
of hydrogen-powered proton-exchange-
membrane (PEM) fuel cells as the pri-
mary power source. There are large 
transient loads associated with electric 
vehicles that require a very large primary 
energy source, or an energy storage 
system. The energy storage system 
can consist of devices such as batter-
ies, flywheels, or ultracapacitors. State-
of-the-art symmetric ultracapacitors 
were used for this application. Ultraca-
pacitors are ideal for applications such 
as electric vehicles where long life, 
maintenance-free operation, and excel-
lent low-temperature performance are 
essential. The ultracapacitors were inter-
connected in an innovative configuration 
to minimize interconnection impedance. 
The combination of PEM fuel cells and 
ultracapacitors provides a power source 
with excellent energy and power density. 

Hybrid Power Management Program applied to the fuel-cell-powered utility 
vehicle project. Top: Fuel-cell-powered utility vehicle. Bottom: PEM fuel cells 
installed in utility vehicle. 
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Large transient loads shorten the life of PEM fuel cells significantly, but using 
ultracapacitors in conjunction with PEM fuel cells reduces the transients applied 
to the fuel cell and lengthens the life of the cells appreciably. 

Another unique aspect of the project is the use of metal hydride hydrogen 
storage. Hydrogen is traditionally stored as a compressed gas or as a cryo-
genic liquid. Both of these storage methods have shortcomings that present 
problems for the use of hydrogen as a ubiquitous fuel gas. Hydride hydrogen 
is a safe, efficient, low-pressure solid form of hydrogen. 

Innovative features, such as multiple power sources and regenerative brak-
ing through ultracapacitor energy storage, are planned. Regenerative braking 
recovers much of the kinetic energy of the vehicle during deceleration. The 
fuel-cell-powered utility vehicle can provide excellent performance, and the 
implementation of fuel cells in conjunction with ultracapacitors in the power 
system can provide significant reliability and performance improvements.
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Recent developments in advanced concepts of space power and vehicle con-
trol subsystems at the NASA Glenn Research Center motivated the formula-
tion of a modeling framework for assessing the performance of subsystems 
and their potential disturbances on the main system, such as the spacecraft 
or space vehicle, especially those due to rotating machinery and actuators. 
The framework is a simulation template (e.g., see the diagram on the next 
page) for modeling subsystems, vehicle motions, and their mutual interac-
tions implemented as modularized functional interfaces. This is an efficient 
way to build up models in an orderly fashion to different levels of complexity 
for different phases of the conceptual design of components and systems, 
as well as for hardware and control developments.

The simulation framework includes a reliable, reduced-order model of rotor 
dynamics and other parametric models of different types of passive or actively 
controlled bearings. These models effectively represent rotor stability and the 
control of rotating machinery in a wide range of applications. In addition, they 
can simulate rotor dynamics as relative motions, allowing for large angular 
displacements or linear displacements of the carrying vehicle, such as in 
spinning or docking maneuvers. 

In spite of various simplifications made on component models or the use of 
simple functional parametric representations for subsystems, actuators, or 

support-structures compliance, accurate 
simulation results with such models can 
be achieved with test data. A part of 
this model had been used for real-time 
monitoring and for active compensation 
for rotor or bearing imbalance. An adap-
tive scheme to compensate for rotor 
imbalance and sensor distortions based 
on that model significantly improved 
the robustness and performance of 
magnetic-bearings control for flywheels 
(ref. 1). This framework had been thor-
oughly validated on various test-rig 
models, including a rotor on gas-foil bear-
ings of a closed-Brayton-cycle power-
conversion unit (see the photograph on 
the next page) tested to its top speed of 
65,000 rpm on a base suspended with 
cables. The model validation results for 
this challenging case matched well with 
test data on both the time-domain and 
frequency-domain (refs. 1 and 2). 

Versatile Modular Modeling Framework Completed and Validated for 
Multibody Mechanics
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This versatile, reduced-order modeling framework is useful for system stabil-
ity analysis, vibration prediction, and control stability verification, such as in 
the future development of systems and subsystems for the Crew Exploration 
Vehicle. It can also be tailored for real-time hardware-in-the-loop simulations 
for system analyses and developments.
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Top level simulation diagram illustrating the modular modeling framework as applied to a flexible body (whose dynamics 
are represented in the box “Main_Body (M)”) carrying a rotor unit (shown in “R1 (Unit1_Rotor)”). The dynamics of “M” 
and “R1” and their interactions (“Interaction FMs”) are dependent on whether “M” is grounded or in free fall (“gee_on” is 
1 or 0, respectively). 

Test rig for model validation with a high-
speed, closed-Brayton-cycle power- 
conversion unit operated on a base 
suspended by cables for vibration isolation. 
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NASA Glenn Research Center’s Acoustical Testing Laboratory (ATL) pro-
vides a comprehensive suite of acoustical services for developers of science 
experiments manifested for the International Space Station. Since the ATL’s 
opening in September 2000, its primary customer has been the Fluids and 
Combustion Facility (FCF), a two-rack microgravity research facility devel-
oped at Glenn. In support of FCF’s low-noise design effort, the ATL provided 
acoustic emissions testing of sound-source components, subassemblies, 
and partially populated racks. The iterative design and test process enabled 
the FCF acoustics team to understand and continually track the acoustic 
emissions of components and subassemblies as they were successively 

incorporated into higher level hardware 
packages. This effort culminated in the 
final acoustic emission verification tests 
on the FCF Combustion Integrated Rack 
and Fluids Integrated Rack in the spring 
of 2005.

The primary objective of these tests was 
to determine the acoustic emissions of the 
racks so that they could be compared with 
the limits specified in NASA SSP 57000 
(ref. 1) for both continuous and intermit-
tent acoustical noise. The secondary 
objective of these tests was to provide 
data to support test-correlated analytical 
acoustic models of the racks that could 
be used to accurately assess the pre-
dicted acoustic emissions of Combustion 
Integrated Rack and Fluids Integrated 
Rack configurations after future on-orbit 
modifications.

The SSP 57000 requirements provide 
little guidance in the way of measurement 
methodology or measurement uncer-
tainty. ATL staff selected the procedures 
and uncertainty estimates in ISO 11201 
(ref. 2) as the method for sound pressure 
level determination because ISO 11201 
standardizes many of the elements of 
NASA SSP 57000. ATL’s preparation for 
the rack-level acoustic emissions verifica-
tion tests spanned a 2-year period and 
involved the development of detailed 
procedures for testing in accordance 
with ISO 11201. This included the imple-
mentation of two stationary microphone 
arrays, which represented the optimum 
accommodation of the maximum number 
of microphones and data channels avail-
able, the desired level of measurement 
accuracy, and the total amount of testing 
time available.

The ATL’s ISO 17025-compliant qual-
ity system is accredited by the National 
Voluntary Laboratory Accreditation Pro-
gram (NVLAP Code 200557–0) for sound 
power level testing per ISO 3744 and 

Acoustic Emission Verification Testing of Fluids and Combustion Facility 
Flight Racks Conducted at Glenn’s Acoustical Testing Laboratory 

Fluids Integrated Rack of the FCF, shown with front microphone array during 
acoustic emissions verification testing in Glenn’s ATL.
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ANSI S12.54 and is the only NVLAP-accredited acoustical testing laboratory 
in NASA. In December 2004, the ATL became the only laboratory in the United 
States to receive accreditation for ISO 11201. 

Find out more about Glenn’s Acoustical Testing Laboratory:
http://www.grc.nasa.gov/WWW/AcousticalTest/
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